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AN AWATYSTIS OF A CHARRING ABLATION
THERMAL: PROTECTION SYSTEM

By Donald M. Curry
SUMMARY

An analytical model is presented for predicting the transient one-
dimensional thermal performance of a charring ablator heat protection
system when exposed to & hyperthermal enviromment. The heat protection
system is considered to consist of an ablation material and backup
structure. The ablating material is further considered to consist of
three distinct regions or zones; char, reacting, and virgin material,

A Fortran IV digitel computer program (STAB IT) utilizing an im-
plicit finite difference formulation has been written for the IEM 7094 /LO
computer system. The program considers one ablating material and a
maximum of 12 backup materials with conduction or radiation and/or con-
vection allowed between materials. Thermal properties of all materials
are temperature dependent with the properties of the charring material
also state dependent. '

The governing differential equations and their implicit- finite dif-
ference formulation are presented. The program input and output is de=-.
seribed in detail. Also, a comparison of theoretical and experimental
results is shown.

INTRODUCTION

The analysis and design of thermal protection systems for entry
into an atmospheric enviromment has resulted in a voluminous amount of
literature on the genersl subject of sblation. (See refs. 1 and 2 for
a survey of informstion on ablation.) The ablation materials may gen-
erally be classified into three categories; subliming, melting and va-
porizing, and charring. The charring ablator normally provides the
most efficient thermal protection shield for the major portion of a
manned entry vehicle. This report describes & method for predicting
the thermal response of a typical charring ablation material. The



response of & charring material to & hyperthermal enviromment is ex-
tremely complex and the mathematicsl model presented to anslyze the
transient behavior of the material contains simplifying assumptions and
approximations necessary to afford even a numerical solution.

The equations derived in this analysis have been programed in
Fortran IV for an IBM TO94/LO computer system. The numerical formula-
tion of this digital program, designated STAB IT, is such that an im-
plicit solution is obtained. The input, output, and various program
options are discussed in detail.

The thermal response of a typical charring material as predicted
by STAB II is compared with arc tunnel test results. As showm, the
predicted in-depth temperatures are in excellent agreement with the
measured values. '

The author wishes to express his appreciation to Barbara D. Arabian,

Bette J. Stafford, and Davis D. Bland for their assistance in the pre-
paration of the digital computer program.

SYMBOLS

C specific heat

F exterior view factor

view factor-emissivity product to cabin enviromment

env
Hd heat of virgin material degradation
' HT total enthalpy
HW wall enthalpy
-]
HBOO enthelpy of ailr at 300° K
h film coefficient between backup materisls
h " film coefficient between last backup material and cabin
env environment
k thermal conductivity

b} mass loss rate of char material



gas ablation rate

number of nodes in ablation materisl

hot wall convective heat flux with blowing
heat flux due to combustion

cold wall convective heat flux without blowing
radiation heat flux

surface recession depth
surface recession rate
temperature of node beginning of time step

cabin environment tempersture

temperature of node at end of time step
radiation heat sink temperatﬁre
thickness of ablation material

heat of combustion per unit weight of char

thickness of a node

time step (€' - 6)

emissivity of material
transpiration cooling efficiency
initial time

final time

density

Stephan-Boltzman constant



Subscripts:

c charred state

i node number

J material number
v virgin state

PROGRAM DESCRIPTION

The following general requirements were established before writing
a digital computer program to anslyze & charring ablation system:

a. Stability of the equation for all applications.

b. Machine running time short enough to make use of the program
economically feasible (& minimum of turn around time per problem).

¢. A nminimum of input per problem.

d. A wide variety of boundery conditions for application to both
trajectory data and ground or flight test dsta analysis.

STAB II has been formulated in Fortran IV to analyze the transient
thermal performance of a charring ablator heat protection system. The
program considers one ablating material and up to 12 different backup
materials with or without air gaps. Pure conduction or radiation and/or
convection between backup materlals is allowed. The ablation material
may be divided into a maximum of 50 nodes and each backup material may
be subdivided into & maximum of 10 nodes. The thermal properties of
the materials are in tabular form and are temperature dependent. The
ablation material is also dependent upon its state, that is, fully
charred, partially charred, et cetersa.

The followiné surface boundary condition options are provided:

a. Cold wall convective and radiative heat flux tables as a func-
tion of time. These components are specified separately, since mass
transfer at the surface blocks part of the convective heating, but in
general, has no effect on the radiant heating.

b. Surface temperature as a function of time.



c. Surface recession as a function of temperature or time. Sur-
face recession as a function of temperature and pressure is also avail-
able. .

Heat loss to the interior enviromment for the last node ‘of the
backup structure can be specified by two methods:

a. Conduction into the node and radiation and/or convection loss
to the interior environment.

b. Conduction into the node and adisbatic wall.

The STAB IT numerical formulation of the equations describing the
response of the heat shield is such that an implicit solution has been
obtained. It is well known that numerical solutions of partial differ-
ential equations are subject to several different types of errors. The
first of these is the truncation error, due to the use of a finite sub-
division. This error may be reduced by simply choosing & smaller sub-
division, AX. The exact values are approached more and more closely
as AX decreases. The second kind of error is the numerical, or round-
off error. The way in which this numerical error grows or decays with
time determines the stability of the difference equation.

To illustrate the differences in the explicit and implicit equation
form, consider a nonablating homogeneous solid. The one-dimensional
Fourier conduction equation, neglecting any heat generation terms, is:

5 (8-, 8 »

The finite difference form-of equation (l) written in the conventional

forward time step or explicit form for the ith node is

1
(Taa = T5) (T4 - Taag) o o (Ti i Ti) (2)
AX X AX | A T AP
2k, , | Bk, Bk, @ 2

where the prime superscript denotes values at the end of the time step,

AB=08" .8



For explicit conduetion solutions, the following stability criteria
has been established: :

Pc 2
_.Bﬁéxg)_za
k A

which places an upper limit on the time step A® for a fixed truncation
error. This criteria can require a prohibitive amount of machine time.

Liebmann (ref. 3) advocated a solution of the equation which does
not require this stability criteria. The finite difference equations
are written in a backward time step form which affords an implicit so-
lution.

The implicit (backward time step) difference form of equation (1)

for the ith node is:

1 1 ? 1 1
(Ti;l - Ti) ) (Ti - Ti+1) o AX (Ti - Ti) 5)
SO~ SR S D A8
2k, , ok, 2k, 2k

Equation (3) uses the temperature differences at the end of the finite
time interval instead of the beginning, as in the explicit method,
equation (2). T, is the only known temperature in equation (3), but

there are corresponding equations for each point in the system and all
are solved simultaneously yielding the temperature at each node.

dollecting all unknown temperatures on the.left side of the equa-
tion and the known temperature on the Fight side, equation (3) is:

1 o 1 . 1
S TS Bl B~ SRS SR SR
2k, 2k Bk, ; | ok, Bk @ Bk
p.ec ANX p.ec. XX
1Pi ' 1 1 1pi 7 !
LN T+ (&&= \Tis1 = -\ 725 1 (%)



Equation (4) is in the form of:

1 |

AT, . + BT

1
i-1 1 ¥ CTi+l =D (5)

STAB IT generates such an equation for each node in the system.

Since radiation is an important mode of hest transfer in charring
ablative systems, a problem is encountered in any equation containing a
radiation term. The radiation heat flux, written in a backward differ-
ence form is:

4, = Fec(T;* - TJF) (6)

This term cannot be used in an implicit solution since the unknown tem-
perature Ti is to the 4th power. The 4th power unknown can be elim-

inated by the following linearization:

L L
! - L b AT
(Ti> = (Ti + AT) =T, (1 + T;) (7
where
AT = T; - Ti
let
= OT.
X E =
Ti
and rewrite equation (7)
i ' = (T l*(:L + X)lL (8)
1) = (%)
If X has an absolute value near zero, the following is true:
(1+X)h§1+hX (9)
Now substituting (9) into (8)
L
Lo 4 _ L AT\ (!
(Ti) == (Ti) (1 + 4X) = (Ti) <1 + b ,-T-:-L-) (Ti)

o ym Om' b
=TT, - 3T, (10)



Equation (10) is a linearized approximation of equation (7) in which
the unknown temperature is only to the first power. The assumption in
equation (10) is that AE'/'I'i has an absolute value near zero. TFigure 1

is a plot of the error obtained when '(1 + 4X) is substituted for

(1 + X)u. For most ablation problems where the surface temperature is
high and the radistion losses are significant, the value of AQ/Ti can

easily be controlled to values of less than =0.1.
Therefore, equation (6) can now be written
_— 3" 4 u)
4, = Fec:(uTi T, - 3T, - T, (11)

Using the linearized approximation for the radiation terms, the result-
ing system of implicit difference equations constitute a tridiagonal
mgtrix of the following form:

BlTl + C1T2 = Dl
A2Tl + B2T2 + C2T3 = D2
T + BT + C,T =D

ATy + ByTs + G5, 3

ATy + BTy = Dy

Gauss' elimination method, as discussed in reference 4, is applied to
solve the system of equations. This method affords a fast and accurate
solution for matrices containing a dominant diagonal. The solution of
this matrix gives the temperature of each node in the system for the
next future time step. The entire process is repeated for each time
step throughout the run, giving a time history of the temperature at
each node.

Using this method of solution, residual errors in the temperature
computations at the beginning of the time step are distributed through-
out the entire system of nodal equations and tend to cancel out rapidly.
The principle advantage in using the implicit method is a set of equa-
tions that are mathemetically stable in time and distance. Therefore,
the magnitude of the time step is not limited by a convergence criteria.
However, care must be taken in selecting the megnitude of the time step
in order to minimize truncation errors when the second derivative of
temperature with respect to time is large. A similar approach is used



to minimize truncation errors in distance by choosing smell node dimen=-
sions in locations where large second derivatives of temperature with
respect to distance are expected.

In the case of & char forming ablative heat shield where approxi-
mately 80 percent of the heat is reradiated, instability can arise in
taking large time steps such that the temperature of the surface node
can start oscillating on successive time steps on achieving a balance
between the radiation source and sink. Therefore, in ablation problems
in which the surface node loses a large percentage of heat by radiation,
oscillations of the node can be damped out by taking small time steps
during conditions of high heat flux and near radiation equilibrium tem-
peratures.

ANATYSIS

Figure 2 is a schematic of the thermal protection system that is to
be analyzed. A receding surface has been assumed with the formation of
g residual char layer and reaction zone. The thermal protection system
is composed of 1 charring material and a maximum of 12 different backup
materials with or without air gaps. The analysis is such that the en-
tire system may be composed of noncharring materials. The thermal prop-
erties of all materials are temperature dependent; also, the charring
material properties are state dependent (fully or partially charred).

The response of charring ablation heat shields to a hyperthermal
enviromment is extremely complex, and simplifying assumptions and approx-
imations are necessary to afford a numerical solution. The following
assumptions and approximations are utilized in the equations developed
in this report:

a. The material decomposes from the virgin state to a porous char
layer in the reaction zone.

b. The reaction zone can be defined by an upper and lower temper-
ature limit.

c. The gas generated within the reaction zone is assumed to pass
out of the structure with no pressure loss. No gas accumulation within
a node is allowed.

d. Local thermal equilibriuvm is maintained between the gas and
solid.

e. The gas undergoes no further chemical reaction within the re-
sidual material after having been formed. ‘
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Derivation of Equations

The equations are derived for a moving boundary coordinate system,
where the front face is the moving surface (ref. 5). With this system,
the ablating material is divided into a fixed number of nodes with a
thickness (AX) which depends on the instantaneous location of the
front face. The surface recession is handled in a continuous menner
eliminating the need of throwing away or lumping off of nodes.

The physical model for the front surface including all heating
terms is shown below

f—é—x—-——-»
2.0
————1 ¢ T,
&> Pp
Q
in—— .
- Cc S.T
. Palp, 272
m ¢ qu——— = AT
&1 P B I
AX
p.e é T -——r-
17p, 171
1 . _ +fNP - 1.5
. —52 ’S(NP o1 )
————#-Sl =S

The energy equation at the front char surface is:
dT
d /1 21 a(AX
Eé'(eAXplcplTl) =5 X pe gt plpTl 3o

1
Q. +m c T

1

= + g T T
in g2 Py 2 p2 EC 2~ gl 12 1
, 1 AT
- P2%p P11 - kl-2(§) (12)

where
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and

dAX)_d(Y.L_.:.'_ﬁ)__ 5
d Tao\NP - 1/ T NP -1

where S is the linear surface recession rate, NP the total number
of nodes in the ablation material of thickness VL.

Rewriting equation (12) in implicit finite difference form:

1 1
Q ; T T - Spoe T. (——————Tl - Tz)
.. +tm ¢ -m C - c -
in g Do 2 g1 Py 1 1 12 1 AX AX

+
2k1 2k2

1
T, - T
voe 6(®=15)y _,, & 1771
2%, \FP - 1.0/ "2 ~ "1°p, 2 &8

1 ' S
- 2p1°plT1 (N’P . 1> (122)

Rearranging and collecting terms:

. . AX 1 1 S '
-fm ¢ + Sp.e + p.c + - =p,C ( ]) T
g Py :Lpl 1p1 2A8 X AX 21plNP- 1

2kl 2k2
. 1 ¢ (NP = 1.5 !
m,g cp + RS S + p2cp S (NP - 1.0) T2
2 2 =t = 2
2kl 2k2

X
= P2 288 "1~ Qp

(12v)
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The physical model for interior points in the mature char zone, in-
cluding all heating terms, is shown below:

-] m c T,
Bi41 Pyyp 1L
nc T, e—1t _
i~ i -+-t—0p. .S, ., .C T,
. i+174,3i+1 Piy1 i+l
ERTERIELS e I . AT
%4, 11 | X
o) L
1-1,1\AX 1
WP - i-3
o3 = | — 02
i,3+1 WP - 1
NP - 1+
S =gl 2
i-1,1 WP - 1

The energy equation for interior points in the char metrix is:

e (nx iy N T4 (S
s ( 1P1%, i) "%, T 7 P Ty (T\ﬁ?j

1

NP 1

T, .+ k ( ) S < "t 5) .

m c . . ary p. e S—
8141 Pi+1 i+l i-1,i \AX i+l Pirq NP - 1 $+1

. * 1
NP - i+2
AT . ' . ) 1
- k. . — - - —_—
1,1+1 (AX) mgicpiTi picpis ( NP - 1 >Ti
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Putting equation ( 13) in an implicit finite difference form:

1 ' (e 1
X&) M- 7 (Mg, %, F Pi%,° t X

8: D. i’p NP -1 X
+ S i1-°1 i + 5
2k, , 2k, -
1 AX 3 '
T x_ t Py, 7P picpi <NP . 1> T,
k. T ok +
3 141
(o o vmimane 8Bt B
€341 Piq 5 * L Pisq - :
i i+l p
_ JAV.S
= -picpi 26 I3
(13%a)
NOTE:

In the mature char zone, no internal gaseous gblation products
are assumed to form. The reaction zone is the source for the formation
of the internal gaseous products. Therefore, in equations (12) and (13),
M =m .

& &in

The physical model for nodes in the reaction zone is identical to

. schematic shown for the interior nodes in the char except for consider-
ing the energy absorbed in formation of the gaseous ablation products.

The heat balance equation for a node in the reaction zone is:

d (atp.c T\ = AX 1 T 8 ; ;
=5 [&Xp, ) = NXp.c -pe T.\ls—=) - (o, -m ) H
d ( 1p; 1 i Py ao ip,71 NP -1 gy 8441 d

1

AT : (NP -t ;2L'> '
=m_ ¢ T, +k, .(—)+p. ¢ S\—==—7=/ T,
8y47 Pyq 31 Ti-1L,i\AX 1+1°p WP - 1 i+1

AT 1 . <NP = i + %> !
- |=)-1 T, - p,e. S\———/ T,
ky,141 (AX) mgicpi 17 P p; \ ¥P -1 1

(k)



1h

rearranging:

N , (xpo- i+ % .
A | Tie1 T (%%, TP S\ T T S SN
ok, . T 2k. T : ok. . ok

1-1 i -1 1
+ 1 + psc T§ - piC ( 5 ) T' m e
&, X ip; A 1py \IWP - 1/) 71 8541 Pie1
k. T Dk,
i i+l

(1ka)

The physical model for the interface between the reaction zone and vir-
gin material is illustrated below:

-« AX —»

54, 141P141%, T4
m c T e—rm i+l
S s (8)
. .. i,i+1 \AX
S. 4 sP.c_ T, +
i-1,1"i"p."1
1 B
K Z)\—
i-1,i \ XX

1

NP - i -=

LbS__ =S-———-—-———2>
i, i+l NP -1

NP - 4+3)
s =3 2
1-1,i WP - 1
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The heat balance equation for this node is:

a 4Ty v &
Lnd - - e ———— - -l
30 (AXPicpili) AxpicpfL I PicpiTi (NP — 1) g 3

. LS
=k .(——>+p. c. S\—wm-71 /%
1-1,1 \AX 1P

RS (AX %p, 1 .
(15)
Rearranging:
1 ! 1
- +
LA |\ T T\ Mg, TR X TR, X
2k1_1 2ki 2ki-l 2k, zki 2ki+1

(15a)
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The physical model for an interior node in the virgin material is:

e AX o
+«—35 c Py T
. 1,141%, ,, P1+17 141
1-1,1%, P17
1 ° - k .A_T)
i T\
X gy .
11,1 \AX

e
- O - S ———————————
i,1+1 NP - 1

<N’P - i+l)
& 2
T 3| ——

i-1,1 WP - 1

The heat balance for this nonablating node is:

Mp.e T = AXp.c dTi-pc T' ____S___)
( ipii) 1piE'é' 1°p, 1 \NP - 1

%o

B

NP - 1.2
=k L)y o, ¢ S\——m2]p _x 2
11,1 \&X ) ¥ Pa®p P\TTR - T ) Tl T Ry (&

. (NP -1+ %) ?
- picpis =1/ (16)
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Rearranging:

The physical model for the last node in the ablation material and first
node in the backup structure is:

JAV.@F FAV.Q
- 23» g+l—>
. P, .C T,
1_1,191,3 Py 5 10
sd
° — Kk g—-
i i,j41 \AXX
. AT i+1,5+1
i-1,5 \X ’
1,3
2 )
¢ 2
=89
Si-l,i NP - 1
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The heat balance equation for this node:

AX AX
% <_21 P31, 3¢ + 2+l ¢ Py '+1> Ty
3 pi,d pi,j+l }J

N .p. .c + AX c p
-( I IRy J*1Py 449 i’J+1> &

1
- AT s E s g\\
= ki1 (AX) " %, P1,5° (NP . 1> Ty = By g (m{/ (a7
1,3 »9 141, J+1
Rearranging:
1 o 1 . 1
a1 | TX X, X X
i B I R 1,2 o, Zn
-t & )
i,y By Zi1,5 e,y FEga Faaga
. . + X, e P
(ijpl,g"pi’ R L T i,3+1> . . .
+ . .+
5 1 My . an 141
2y 41 Trar,gn
[ X e p. . + X, .¢c
JPy g Hd My 3+1pi’3+:L
= - 2 2 T,
2 i
(17a)

The backup structure may contain up to a maximum of 12 different
materials with or without air gaps between materials. Therefore, con-
duction or radiation and/or convection between materials is allowed.

The heat balance equations for the various modes of heat transfer in the back
backup structure are now presented:
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a. Interior node material:

1 t t ! i
(Ti-l,j - Ti,j) (Ti,j . Ti+1,;j) _ & ( ' )

X X, - X & " Pi,s%, 28 \Ti,3 " Ti,
oy 4 & tm 1,
2k; 1,5 Oy 4 1,3 i+1, 3
(18)
Rearranging:
1 - / 1 . 1
XX XX i-1,3 X, JAV.4 X, X,
d 4 Jd_ . i, J
2k, . 2k 2k 2k, 2k, . 2k, .
1-1,] i, i-1,3 i, i, +1,3
XN\, '
—d 7 1
s, 28 Tt (TR & \Ti41,3
1,d J + J
#a,5 0 P,
AX,
= =P, .C —d 7
l,j Pi,j Ae 1,J
(182)
b. First node of two interior materials with no gap:
1 1 ) 1 1 )
(Ti-l,j ~Tia) (T:‘L,j+1 = Tiv1, g4
05 B, Sa
Zia,5 s Py Fea,a
P, .c- XX, + P, . .C X,
1,3py,5 3 LDy 4y LY/
= 2 ~2 (T - T ) (19)
2 i, J

1 1

NOTE: Ti,j = Ti,j+1 for this case.
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Rearranging:
1 o' 1 + 1
X, AX, -1,5 " JAV.8 AX JAY.
d 4 1=l - $ o it S it
i 1,5 Py B,y P,y PR Faaga

P, .C OX, + p, c X
( l’j Pi,j J 1}j+1 pi,j+l j+1> T!

o+
2.0 i,J
l )
+ T.
AXj+1 . AXj+1 i+1,3+1
Py, T, e
p c M, + ¢ P, ., K
- . i’J Pi,j dJd pi,j+l 1’J+l J+l> T
2.0 i,
(19)
c. First node of interior material with an sir gap between
materials:
: : . T,u o
hj(Ti-l,j - Ti,j+1) T\ T TLn
€5 G541
! ' P. -,~C AX,
Tipra = Taea,gen B9 Py g4 ML 7' - (20)
AXj+1 . A33+1 2A0 i, 3+1 i,j+1

2k 2k

i,5+1 141, J+1

Equation (20) may be linearized using the approximation

b :
T zhf% -3%‘

as discussed in the Program Description section.
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Therefore, rearranging and linearizing, equation (20) becomes:

hoT? | hoT?
_ i-1,3  \\g' s 1,341
J ._J.-_ + 1 -1 i-l’ j j __1_ + 1 -1
ej ej+1 // 5 Cy1
. Pi,41%, D\
+ + %j+l T,
AX,, . . X o 2A i,3+1

i1 P, ga

1

1
Tiv1, 541

g R

2Ky 541 i e

P, .,-C AX
i, g+l pi,j+l J+1
T

- 2AB i,5+1
30 L L
T, - T, . 20s,
L, 1 ( i,j+1 i-1,J (20e)
€5 &1
d. ILast node of an interior material with an air gap between
materials:
' ' )
CEWELY A
AXJ AXj J\1,3 i, 5+l
+
2k 2k, ’
i-1,3 i,J
. sC X
_ o T'L‘ o 1,dP; 5 J /s
I e T AT A XL Y 2A0 (Ti?,j'Ti,,j)

ej €j+l
- (21)
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Rearranging and linearizing:

b)
1 T' h, + 1 + haTi’j
AXJ. ij i-1,3 ° 3 ij ij 1,1 o1
+ + . € €
2k, . 2k, 2k 2k +1
1-1,5 i, -1, Fi,y N
P, ,c X 3
1,3 pi,j j Tt . - thi,j"'; T'
* A8 1,3 3T I, 1)) Tham
e.j ej+1
. .C OX
pi,J P J L 4
= - i,] T + g T -7
2409 11,2 1,541 1,3
ej ej+1
) (212)
e. Final node in bvackup structure:
(1) Adisbatic surface
1 1 p c AX
T, . = T, i R
11,1~ 4,3 N 23 Py 4 J oo (22)
X, - X, PN i, 7 71,3
+
2k, k
1-1,5 4,3
Rearranging:
1 T' 1
421, 3 X X
i B I Bt ]
2k 2k 2k, 2k
i-1,3 i,J i-1,J 1,3
JAV.4 c OX
P1,8%, 2\ P1,5%, %
+ 1,J T o= 1. " (222)
2A8 i3 2A8 i, :
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(2) Radiation and/or convection loss to eabin environment
t

T3 T\ Ly (o Lo

JAY.¢ AXj env \ "i,] env

J
+
2k, . 2k,
1"1’J 1’3

AX

L p. .C .
1 ll- 1’J pi,j J Tl T (
g Ti,j = Tenv| = 2A0 ( i,3 i,j) 23)

Rearranging:

-h T -F 0o (3’1‘}'L . Th )
env env env i,3 env

Discussion of Assumptions

A Pbrief discussion of several assumptions and epproximstions made
in deriving the heat balance equations is now presented.

As shown in the Derivation of Equations section, transient heat
conduction, thermal degrasdstion, and the flow of the gaseous products
from the reaction zone are the internal thermal transport phenomena of
interest. Several methods are available in the treatment of the thermal
decomposition process and they differ primsrily in whether the chemical
decomposition ocecurs in a single plane at a fixed temperature or a '
spacially continuous decomposition in depth is assumed. This analysis
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assumes that the decomposition from the virgin to the char state occurs
in a reaction zone that is defined by known temperature limits. These
temperature limits are determined from thermogravimetric (TGA) test
data for the particular material being investigated. Figure 3 1s a TGA
curve for typical charring ablation material. From this curve, the
rate of pyrolysis (mg) is calculated by knowing the temperature change

of & particular node with time, that is,

by = "ZB—i‘ (24)
NP

=T p,AX, (25)

g 1 * 7

This method of computing the gas generation ~ates and local instantan- -
eous density may be subject to error since ihe TGA curve of a material
is influenced by temperature rise rate (DEG/SEC) and the reaction zone
may shift up and down the tempersature scale. This error can be elim-
inated by the use of an Arrhenius expression of the form

E
%g =-A(p - pc)n p BT (26)

The method now being used in STAB IT (equation (25)) to calculate the
pyrolysis rate is being investigated to determine its validity. The
final formulation of the pyrolysis rate law must rest heavily on the
experimental rate data for the material under investigation. The use
of simple expressions such as equations (24) and (25) may be entirely
adequate depending upon activation energy for the decomposition pro-
cess and order of reaction.

The aerodynamic hegting input in the analysis consists of convec-
tive and radiative components treated separately. This distinction is
necessary since the convective heating can be significantly reduced
due to the injection of the ablation gases into the boundary layer with
generally no effect on radiant heating. Reduction in the convective
heating rate can be approximated by the following expression (ref. 6)

4100k = n&g(HT - Hﬁ) (27)
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Therefore,

- K
g1y = ch< HT-' = )' 8100k (28)
Hp - Koo oc

However, equation (28) is unsatisfactory for high blowing rates, since
quock can become greater than § . An experimental curve of block-

cw

ing effectiveness V¥ ag— as a function of the mass transfer param-
i cwW

eter 5 cen be employed to determine the heating reduction at high

cw

blowing rates. Both methods have been employed in the STAB ITI analysis.
Equation (28) is presently in use. However, no satisfactory method for
accurately predicting the convective heat blockage has been determined.

Another source of heating is the combustion of the ablation prod-
ucts in the boundary layer. Reference T presents an analysis of the
oxidation of a carbon surface and the resulting combustive heating. The
heating due to combustion as derived in reference 7T is

c'I‘cc:mb =1hc AHc (29)

where AHC is the heat of combustion per unit weight of char.
The thermal properties of the ablation material are both tempera-
ture and state dependent (fully or partially charred). Figure 4 is an

illustration of the variation of these properties with temperature and
state. The thermal properties are assumed to vary as follows:

' =
a. Char zone Cri TCHAR)

k, = f (temp)
c = £ (tem
, (temp)
p = constant
c
i < <
b. Reaction zone (TABL Ti TCHAR)
T, =T
' i ABL
p =f (temp) =p_+ (pv - pc) T
‘ ABL CHAR
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(p) (pi'%)
k=15%(p) =k +(k =k
( v c) Py = Po
P, = P
c_=f(p) =c_ + (o =-c (pl - pc>
P Pe ( Py Pe v c
irei <
¢. Virgin zone (Ti TABL)
p = constant
v
k, =f (temp)
c. = f (temp)
Py

The calculation of char removal, due to chemical, thermal, mechanical,
or by combination of these mechanisms, has been examined by a multitude
of investigators and numerous correlations exist, depending on the
specific material involved.

To provide a maximm degree of flexibility for analyzing both
ground and flight test data and systhesizing trajectories, the follow-
ing provisions for char removael (surface movement) are provided:

a. Removal of char as a function of surface temperature.

b. Removal of char at a rate which is a function of time.

As the char is removed, the surface moves with respect to a coordinate

fixed in the material. The distance between the initial surface locs-
tion and the char surface is
e -
S =~/P S das
0

CUSTOMER UTILIZATTON INSTRUCTTIONS

Introduction

IBM 7094%/40 program FO21, standard sblation progrem, designated
STAB IT, is designed to evaluate the transient thermal performance of
a charring ablation heat protection system. The program considers 1
ablating material and up to 12 different materials in the supporting
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backup structure. A maximum of 50 nodes may be considered in the abla-
tion material and a maximum of 10 nodes per material is allowed for
each backup structure material. Air gaps can be considered between
successive materials in the backup, thus allowing for both radiative
and/or convective heat transfer between materials. The heat loss to
the cabin environment from the backup structure cean be accomplished by
both radiation and/or convection or an adiabatic backface surface may
be prescribed.

Unless otherwise specified, the input problem data is in "floating
point" form (E12.8 format) and must end in columns 12, 24, 36, 48, 60,
and 72. It is suggested that each floating point number have a sign,

a two-digit exponent, and a decimal point. For example, the number
145.23 can be written as +1.4523 +02, +145.23 +00, or +14523 +03

Input Nomenclature

The nomenclature used in the problem data input is as follows:

NCASE number of problems to be run successively

HEAD any T2 alphabetical and/or numerical characters

TITLE control card for reading in new input for successive
problems

1. Dblank card — new data will be read in

2. 6 asterisks in columns 1 to 6. Skip to next
read statement

TLIM time 1imit of problem, sec
TINT starting time of problem, sec
NPTT number of points in time-step table (the minimum

value of NPTT is 2)

NPL@T output plot control
=1 plot routine will be used
=0 plot routine will be ignored

TTABLE time in time-step table, sec
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DELTT

IPRC

TABL
TCHAR

TREC

RH@V
RHfC

FBLEW

EMC

H300

time step to be used for each calculation — starting
at time TTABLE, sec

variable print frequency in TTABLE table; that is, if
DELTT = 1.0 and TPRC = 10, the output will be printed
at 10-second intervals

factor to correct convective heating rate for various
body locations

factor to correct radiative heating for various body
locations ’

temperature at which ablation starts, °R
temperature at which ablation stops, °R

surface temperature, (°R) or +ime (second) at which char
removal is to start

density of virgin eblation material, Ib/ft3
density of mature char material, lb/f't3

blowing efficiency of ablation gases in reducing convec-
tive heating '

emissivity of virgin ablation material

emissivity of charred ablation material

enthalpy of air at 300° K, 129.06 Btu/lb

initial thickness of virgin ablation material, in.

heat of degradation of virgin material, B’tu/lbm

test to determine if the reaction zone and char zone

thermal properties are irreversible with temperature

properties are irreversible and equal to the value at
the meximum individual node temperature (this is the
recommended value for VPT)

properties are reversible

view factor for external environment



CHARK
CHARC
ABIK
ABLC

NKC

NCPC

NCPV

NREC

TKC

XKC,

TCPC

CPC
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sink temperature of external enviromment, °R

thermal conductivity of material at TCHAR, Btu/hr-ft?°R
specific heat of material at TCHAR, Btu/lbm-°R

thermal conductivity of material at TABL, Btu/hr-ft-°R |
specific heat of material at TABL, Btu/lbm-°R

number of node points in ablation material

number of points in char thermal conductivity — temper-
ature table

number of points in char specific heat — temperature table

number of points in virgin thermasl conductivity —
temperature table

number of points in virgin specific heat — temperature
table

numter of points in surface recession — temperature or
time table

temperature values in char thermal conductivity —
temperature table, °R

thermal conductivity values in char thermal conductivity -
temperature table, Btu/ft-hr-°R

temperature values in char specific heat — temperature
table, °R

specific heat values in char specific heat — temperature
table, Btu/lb -°R

temperature values in virgin thermal conductivity -
temperature table, °R

thermal conductivity values in virgin thermal conduc-
tivity — temperature table, Btu/ft-hr-°R

temperature values in virgin specific heat — - temperature
table, °R



CPV specific heat values in virgin specific heat temperature
table, Btu/lb -°R

TS temperature (°R) or time (sec) values in the surface re-
cession table

SR surface recession values in the surface recession -
temperature or time table, in./sec

NTRAPT number of time points in the trajectory input table
TIME the array of (NTRAPT) trajectory time values, sec

QCQN the corresponding array of cold wall convective heating
rates, Btu/fte-sec

QRAD the corresponding array of radiative heating rates,
Btu/ftg-sec

VEL the corresponding array of flight veloecity, ft/sec

B number of materials in backup structure

NPBS total number of node points in backup structure

BL total thickness of backup structure, in.

XNFM number of nodes in eaeh individual material in backup
structure .

NKPB number of points in each individual backup structure

material thermal conductivity — temperature table

NCPB number of points in each individual backup structure
material specific heat — temperature table

XTDNT any 72 slphanumeric characters used to describe each
individual material in the backup structure

TXK temperature values in backup material thermal conduc-
tivity — temperature tables, °R

XK thermal conductivity values in backup material thermal
conductivity — temperature tables, Btu/ft-hr-°R
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CPX

RHPBX

EMBB

GAPX

FTEST,
BTEST

31
temperature values in backup materisl specific heat ~
temperature tables, °R

specific heat values in backup meterial specific heat —
temperature tables, Btu/lb -°R

density of individusal materials in backup, l‘b/i‘t5
thickness of individual materials in backup, in.
emissivity of front surface of each material in backup
emissivity of back surface of each material in backup

film coefficient between adjacent materials in backup,
Btu/hr-£t>-°R

width of gap between adjacent materials in backup, in.

tests to determine the mode of heat transfer between
materials for the front and backface of each material
respectively

conduction only between materials

convective heat transfer only

radiation only or radiation and convection heat transfer

temperature of interior cabin enviromment, °R

film coefficient to interior cabin enviromment,
Btu/ftz-hr-°R

view factor and emissivity product for radiative heat
transfer to cabin interior

boundary condition between last node of the backup
structure and cabin environment

adiabatic surfaces

radiation and/or convective loss
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TEST2 determines the proper heat shield initial temperature
distribution
=0 constant, uniform initial temperature distribution

==]1 arbitrary initial temperature distribution
=+1  linear temperature distribution

TEMPT temperature to be used when constant temperature dis«
tribution option is used, °R

TXG initial temperature at front surface of heat shield to
be used in computing initial linear temperature
gradient, °R

TEMDT arbitrary temperature distribution values, to be used
only if TEST2 is negative, R

NHP number of points in enthalpy -~ temperature curve fit
HX enthalpy values in enthalpy — temperature table,
Btu/1b
m
W corresponding temperature values in enthalpy - tempera-

ture table, °R

NOTE: This table is used for computing the wall enthalpy.
An input deck for NHP, HX, and TW has been prepared for air and is
available upon request.

Input Data Card Preparation

The input data are given in the following order. Fach number
below refers to a separate record and must begin on a new data card.
The input data has been grouped, where possible, into various sections
desling with a particular part of the input, that is, ablation material
properties, trajectory data, backup structure, et cetera. This permits
the use of a minimum number of input cards for running successive prob-
lems. The title card as described in the input nomenclature controls
the input for successive problems.

1. The first data card contains the value of NCASE. NCASE is
an integer (I5 format) and must end in column 5. This card tells how
many problems are to be run and is entered only once at the start of
the data deck. '
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2. Columns 1 through 72 of the second data card contain any title
or identification information desired — any alphanumeric character may
be used. This card will be printed at the top of the first page of the
output. This card must be included in all successive problems to be
run.

a. Problem Time Section

3. TITLE card - if blank, the following 2 cards must be submitted;
if 6 asterisks are punched in columns 1 through 6, skip to record num-
ber 6.

L. This record contains, in the following order: TLIM, TINT,
NPTT, NPL¢T. TLIM and TINT are entered as floating point numbers and
must end in columns 12 and 24. NPTT and NPL¢T are integers entered
with an I5 format and must end in columns 30 and 35.

5. Start entering the values of TTABLE, DELTT, IPRC. TTABLE and
DELTT are floating point numbers and must end in columns 12 and 2k.
IPRC is entered as integer with an I5 format and must end in column 30.
Use as many cards as required to enter NPTT wvalues.

b. Heating Rate Factors Section

6. TITLE card — if blank, the following card must be submitted;
if 6 asterisks are punched in columns 1 through 6, skip to record num-
ber 8.

7. Enter the following: FC¢NV, FRAD. These numbers are éntered
as flosting point numbers and must end in columns 12 and 2k,

c. Ablation Materisl Section

8. TITLE card — if blank, the following cards 9 through 18 must
be submitted; if 6 asterisks are punched in columns 1 through 6, skip
to record number 19,

9. HEADNG card -— any alphanumeric characters in columns 1 through
72. Records 9 through 18 contain input data for the ablation material.

10. Enter the following: TABL, TCHAR, TREC, RHJV, RH(C, FELGW.
These numbers are entered as floating point numbers (6E12.8 format)
must end in columns 12, 24, 36, 48, 60 and T2.
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11. Enter the following: EMV, EMC, H300, VL, HV, VPT. Use same
format as card 10.

12. Enter the following: FV, TV, CHARK, CHARC, ABILK, ABLC. Use
same format as card 10.

13. This card contains, in the following order: NP, NKC, NCPC,
NKV, NCPV, NREC. These numbers are fixed point integers and must end
in eolumns 5, 10, 15, 20, 25, and 30. An I5 format is used to read in
these numbers.

14, Start entering the curve of TKC versus XKC, with the values of
TKC ending in columns 12, 36, and 60. The corresponding values of XKC
must end in columns 24, 48, and 72; for example, three TKC-XKC points are
contained on one card. The numbers are entered as floating point num-
bers. TUse as many cards as required to enter NKC points on the curve.

15. Start entering the curve of TCPC versus CPC with the values of
TCPC, ending in columns 12, 36, and 60. ThL> corresponding values of
CPC must end in columns 24, 48, and 72; for example, three TCPC-CPC
points are contained on one card. The numbers are entered as floating
point numbers. Use as many cards as required to enter NCPC points on
the curve.

16. Start entering the curve of TKV versus XKV with the values of
TKV ending in columns 12, 36, and 60. The corresponding values of XKV
must end in columns 24, 48, and 72; for example, three TKV-XKV points
are contained on one card. The numbers are entered as floating point.
Use as many cards as required to enter the NKV points on the curve.

17. ©Start entering the curve of TCPV versus CPV with the values of
TCPV, ending in columns 12, 36, and 60. The corresponding values of
CPV must end in columns 24, 48, and 72; for example, three TCPV-CPV
‘points are contained on one card. The numbers are entered as floating
point. TUse as many cards as required to enter NCPV points on the curve.

18. Start entering the curve of TS versus SR with the values of TS,
ending in columns 12, 36, and 60. The corresponding values of SR must
end in columns 24, 48, and 72; for example, three TS-SR points are con-
tained on one card. The numbers are entered as floating point. Use as
many cards as required to enter NREC points on the curve.

d. Trajectory Data Section

19. TITLE card — if blank, the following cards 20 through 22 must
be submitted; if 6 asterisks are punched in columns 1 through 6, skip
to record number 23.
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20. HEADNG card — any alphanumeric characters in columns 1 through
72. Records 21 through 22 contain trajectory input data.

21. Enter the following: NITRAPT. This number is an integer and
must end in column 5. An I5 format is used to read in this number.

22. Start entering the trajectory data in the following ordex:
TIME, QC¢N, QRAD, VEL. These values are entered as floating point num-
bers and must end in columns 12, 24, 36, and 48. There are four tra-
Jjectory data points on one card. Use as many cards as required to
enter NTRAPT points in the trajectory.

e. Backup Structure Section

23, TITLE card — if blank, the following cards 24 through 32 must
be submitted; if 6 asterisks are punched in columns 1 through 6, skip
to record number 33.

. 2L, HEADNG card — any alphanumeric characters in columns 1 through
T2. Records 25 through 32 contain properties of backup structure.

25. Enter the following: NMB, NPBS, BL. These three values must
end in columns 5, 10 and 24k. NMB and NPBS are integers and are read in
under an I5 format. BL is a floating point number.

26. Enter the values of XNPM, XNPM is in floating point form and
must end in columns 12, 2L, 36, 48, 60 and T2. Use as many cards as
required to enter MMB points.

27. Enter the values of NKPB and NCPB. These numbers are integers
and NKPB must end in colummns 5, 15, 25, 35, and 45; and the correspond-
ing values of NCPB must end in columns 10, 20, 30, 40, and 50. An I5
format is used to read these values. Five NKPB-NCPB values are con-
tained on one card. Use as many cards as are required to enter NMB
points.

' 28. XIDNT card — any alphanumeric characters in columns 1 through
- 72. This card contains a description of each backup material.

29. Start entering the curve of TXK versus XK with the values of
TXK, ending in columns 12, 36, and 60. The corresponding values of XK
must end in columns 2k, 48, and 72; for example, three TXK-XK points
are contgined on one card. The numbers are entered as floating point.
Use as many cards as required to enter NKPB points on the curve.



30. Start entering the curve of TCP versus CPX with the wvalues of
TCP, ending in columns 12, 36, and 60. The corresponding values of CPX
must end in columns 24, 48, and 72; for example, three TCP-CPX points
are contained on one card. The numbers are entered as floating point.
Use as many cards as required to enter NCPB points on the curve.

NOTE: Repeat records 28, 29, and 30 until the properties for NMB
materials have been entered. The maximum number for NMB is 12.

31. Start entering the following values in order: RH¢BX, XBM,
EMFB, EMBB. These values are entered as floating point numbers
(E12.8 format) and must end in columns 12, 24, 36, 48, 60, and 72. Use
as many cards as required to enter NMB points.

%2. Start entering the following values in order: H, GAPX, FIEST,
BTEST. These values are entered as floating point mumbers (6E12.8 for-
mat) and must end in columms 12, 24, 36, 48, 60, and 72. Use as many
cards as required to enter NMB points.

f. Interior Enviromment Section

%3%3. TITLE card — if blank, the following cards 34 through 35 must
be submitted; if 6 asterisks are punched in columns 1 through 6, skip
to record number 36.

34, HEADNG card — any alphanumeric characters in columns 1 through
T2. Record 35 contains properties of enviromment.

35. Enter the following: TENV, HENV, FENV, QL@¥SS. The values are
entered as floating point numbers and must end in columms 12, 24, 36,
and 48,

g. Initial Temperature SectionA

36, TITLE card — if blank, the following records 37 through 38 must
be subtmitted; if 6 asterisks are punched in columms 1 through 6, skip to
record 40, -

37. HEADNG card — any alphanumeric characters in columns 1 through
72. Records 38 through 39 contain initial temperature distribution in-
put.

38, Enter the following: TEST2, TEMPI, TXO. These values are
entered as floating point numbers and must end in columns 12, 2L, and

36.
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NOTE: If TEST2 is a negative number, record 39 must be submitted;
otherwise, skip to record LO,

39. Enter the arbitrary temperature distribution values, TEMDI.
These values are entered as floating points with a 6E12.8 format. Use
as many cards as required to enter NP plus NPBS node points.

h. Enthalpy — Temperature Section

40, TITLE card — if blank, the following records 41 and 42 must be
submitted; if 6 asterisks are punched in columns 1 through 6, this is
the last data card in the problem input.

41, GEnter the following: NHP. This value is an integer and must
end in column 5. An I5 format is used to read in this number.

ko, Start entering the curve of HX versus TW with the value of HX
ending in columns 12, 36, and 60. The corresponding values of TW must
end in columns 24, 48, and 72; for example, three HX-TW points are con-
tained on one card. The numbers are entered as floating point. Use as
many cards as required to enter NHP points on the curve. Record 42
consists of the last data cards required as input for a problem.

As many successive problems as you wish may be run at one time by
proper input preparation. STAB IT has been designed to save all input
information until changed by new input data. Therefore, the use of the
TITLE control card is very important when running more than one problem
and using the input data of the previous problem(s). As shown, each
input section starts with a TITLE control card for determining whether
rew input data is to be used. - If any data is changed within a section,
then all data cards required for that section must be submitted.

.8TAB IT can also be used for solving one dimensional transient heat
conduction problems of nonablating materials. The following input param-
eters must be adhered to:

a. TABL must be greater than the maximum temperature expected dur-
ing the caleculation. Also, TABL > TCHAR > TREC.

b. The ablation material must be considered to be the first mater-
ial in the structure for calculationsal purposes.

ec. The virgin and char properties must be inputed as described
above but can have the same values; that 1s, XKV XKC, CPC = CPV,
RHPV = RHPC, et cetera.
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The following dimensions statements and program limitations should
not be violated when preparing the input described above for ablating
and nonablating structure:

a. All property tables can have a maximum of 20 points (i.e., a
temperature and specific heat value constitute one point).

b. The surface recession table can have a maximum of 50 points
(TS and SR constitute one point).

c. The trajectory table can have a maximum of 300 points (TIME,
QCPN, QRAD, VEL constitute one point).

d The ablation material can be broken into a maximum of 50 nodes.
The backup structure can consist of up to 12 different materials with a
maximum of 10 nodes per material.

e. A minimm of 3 nodes per material (ablation or backup) must be
specified.

f. A minijmum of two materials must be specified (ablation material
and one backup structure material).

g. Pure conduction only is allowed between the ablation material
and the first material in the backup.

h. TIf any data input is changed in the Ablation Material Section
on successive problems, the Ablation Materisl Section data cards plus
the Initial Temperature Section data cards must be submitted.

Program Output Information

The computed results are available in two forms of output; tabular
and plot outputs. The tabular output presents the computed results in
block type form for each computation step as controlled by the print
count control number. -As discussed in the preparation of input data,
both the computational time step and print control can be varied through-
out the running of a problem. Therefore, excessive printed output is
avoided, as well as a considerable savings in actual machine computa-
tion time. The plot oubtputs are printed and plotted only when the en-
tire set of problems to be run are completed.
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Tabular output.- The program prints a listing of the data input
parameters for identification of the problem and ease in determining if
there are any input mistakes. For stacked problems, the program prints
only that input information that is changed from the previous problem.
The following calculated problem output is printed:

a. Time, sec

b. Cold wall convective heating rate without blowing, Btu/ftg-sec

c. Radiative heating rate, Btu/ftz-sec

d. Velocity, ft/sec

e. Gas ablation rate, 1bm/ft2-hr

f. Char ablation rate, b /ft°-hr

g. Total ablation rate, 1bm/ft2-hr

h. Surface recession depth from original surface, in.

i. Hot wall convective heating rate without blowing, Btu/ftz-sec

j. Temperature distribution in ablation material, °R

k. Temperature distribution in backup structure, °R

The temperatures printed for thé ablation material are for fixed
distances from the original surface. These distances are calculated

from the initial ablation materiasl thickness and number of nodes in
ablation material. For example:

let
VL = 1.0 in.
NP =11
then
VL
X = oo 0.1

The temperatures will be printed for X distances of O, 0.1, 0.2,
0.3, et cetera, from the original surface until the surface has receded
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beyond these fixed distances at which time the node ho longer exists
and is dropped from the printout. This is illustrated in ?he following
way using the sbove example; let surface recession = 0.26 1nn,'th§n the
first temperature printed is the surface temperature of the material,
located 0,26 in. from the original material surface. The following
printed ablation material temperatures are for X distances»of;O.B, 0.4,
0.5, .... 1.0 in.

The format for the temperature distribution printout is E16.5 with
six temperatures printed per line.

Plot output.- The plot output gives the following ablative material
performance parameters as a function of time:

&. Surface depth, in.
b. Bondline temperature between ablator and backup structure, °R
¢. Two selected isotherm depths

These values are also printed in tabular form for ease in checking
and replotting of the results. The plotted curves contain all maximum
and minimum values of the parameters.

PROGRAM VERTIFICATION

As discussed in the previous sections, approximations and assump-
tions were made in the analytical model to afford both s quick and
accurate solution in predicting the thermal response of a charring heat
shield. These simplifying assumptions and approximations are expected
to introduce only minor errors; however; the validity of the analyses
and resultant accuracy can be judged only by a comparison with exact
theoretical solutions and experimental data. Three examples have been
selected and a comparison of the STAB II results with the theoretical
and test data is discussed in the following paragraphs.

An elementary transient heating example was chosen to demonstrate
the accuracy and numerical stability of the STAB II program. A steel
slab 6 inches thick was selected and assumed to be at uniform initial

temperature of 460° R (0° F). The thermal properties were considered
constant. The front surface was subjected to a heating rate of

72 Btu/sec-fte and an adiabatic back surface was assumed. Figure 5
shows a comparison of the STAB IT calculated in depth temperatures as
a function of time with the exact solution taken from reference 8.
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To demonstrate the STAB ITI solution with & moving boundary, & slab
with constant properties, uniform initial temperature, front surface
moving with a constant velocity, and constant surface temperature
was chosen. The exact solution for semi-infinite slab with these bound-
ary and initial conditions is presented in reference 9. Figure 6 pre-
sents a comparison of the STAB II temperature response with the exact
solutions. As can be seen from this figure, the two solutions are not
in agreement for approximately the first 50 to 60 seconds of the trans-
ient. This disagreement is the result of the quasi-steady state

(&), -5 {3, - o=, =)

assumption made in the exact solution analysis. A calculation was made
to estimate the induction time (time at which 55 0 is a good assump=-

tion) and found to be approximately 60 seconds, which is in agreement
with the STAB IT results.

Finally, to verify the fully charring ablation model, an example
of & typical charring material was chosen. The charring ablation mater-
ial is initially 1.6 inches thick with an adiabatic back surface and a

constant heat flux of 95 Btu/sec-ft2 applied to the front surface. The

surface is assumed to recede at a constant velocity of 3.05 (10‘3) in. /sec.
Figure 7 presents a comparison of the in-depth temperatures with actual
test results obtained in an arc tunnel. The results are in good agree-
ment, with the largest deviations between calculated and measured values
occurring for the thermocouple located 1.0 inches in depth. The dis-
agreement could be attributed to several possible errors; thermal prop-
erty values, incorrect location of thermocouples, et cetera. The effect
of varying the thermal properties (thermal conductivity, specific heat,
ete.) is presently being investigated and will be reported in a Ffuture
report.

Tables I and II present the input and output data used for this
example. Figures 8, 9, and 10 are the resulting plot routine output.

The camparisons presented above between the camputer results and
the exact solutions and test results are considered satisfactory. As
discussed previously, the assumptions used in the analytical model will
be examined more critically as additional test data and analyses become
svailable. The program will be revised and updated as required to re-
flect these additional studies.
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CONCLUDING REMARKS

An analyses and computer program for predicting the transient
thermal response of a charring sblation thermal protection system has
been described. The numerical formulation of the equations is such
that an impliecit solution is obtained. This method of solution affords
both & rapid and accurate solution for both ablating and nonablating
type problems.

Provision is made in the program for a number of surface boundary
conditions. These provisions allow efficient use of the program for
analyzing both ground and flight test data and trajectory synthesis.

The computer program has been checked out with both exact solu-
tions and actual ablation test data. The numerical results are in good
agreement with the exact solutions and test data. However, the analysis
depends upon using good property values and some effort must be expended
in obtaining the best possible thermsl properties. The analysis and
program will continue to be checked as additional flight and ground
test data becomes available, to both update the thermal préperty values
and eliminate the individusl approximations and assumptions used in the
anelysis when possible.
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APPENDIX A
SAMPLE PROBLEM

The following sample problem is shown to indicate the form of the
data input and the program output. A typical charring material sub-
Jected to a constant heating experienced in arc tunnel is presented.

A gketch of the model is given below:

l 4 =9 Btu/sec-fte
ABTATION 1

1.5 in.
MATERTAT L

\ Insulation | 0.1 in.
Adisbatic f

The various material properties and dimensions are shown in
table IT, program output. The insulation is assumed to be ablation
material for this problem. The problem coding sheet and subsequent
dats card listing are shown in table T. The initial temperature of
the structure was sssumed uniform and equal to 530° R (70° F). Fig-
ures 8, 9, and 10 are the output data obtained from the plot routines.
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C
C
c
c
C
c
c
c
c

IBFT

3000
3001
3002
3003
3004
3005
30n7
3008
3009
3010
3011
3012
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C MAIN

STRUCTURES AND MECHANICS NIVISION
THERMO=STRUCTURES BRANCH
THERMAL PROTECTION SYSTEMS SECTION

THIS PROGRAM NETERMINES THE PFRFORMANCE 0F A CHARRING ABLATOR
ANALYSIS AND PROGRAM NEVELOPED Ry DONALD M, CIIRRY =*» ES32

NIMENSION ESAVE1(3)2£SAVF2(3)ESAVE3(3)

DIMENSION TITLE(12)/HFADNG(12)+XIDNT(12+12)»TKC(20)9XKC(20) )
1CPCI20) » TKV(20) ¢ XKV (20) s TCPV(20),CPV(20) ,TIME(300) +QCON(300),
2QRAD(300) + VEL (300) 2 XNPM({12) o NKPR(12) o NCPR(12)yTXK(20,12),%XK(20s12)
3,TCP(20912)9CPX(20,12) yRHOBX(12),XBM(12),FMFBI12)sEMBR(12)»HXX(132)
4,GAPX(12) FTFRT(12)+RTEST(12),TEMDI(200),TXI(200)9TX2(200),
BTX2T(10012)»TUL1(200), TUL2(200) s HX(50) »TW(50)»IR{50), IRI(50),
6IR2(50) » TUL(5N) s IFM(EN) » TY(200),AL200),R(200),C(200),N(200),
TR(50) sRHO(S50),CP(S0),NXR(12) s XKR(10,12)¢CPB(10,12)+XMNG(50),
BYK(501,A8(10,12),RB(10,12)+CR(10,32),DB(10,12),5R{10,12),
9RR1(10,12)sRB2(10,12),H(12)s5(50)NPM(12)

DIMENSION TTUL(50)»RHOY1 (R0) sRHOY2(50) +NRHO(K0) » TCPC(20)

NIMENSION TIMFP(300),PRES(300)sXC(50)»TX2C(50)¢XVIB0),XDV(50)

NIMENSION TS(%0),SR(8N)

DIMENSION TTARLE(20),NELTT(20),IPRC(20)

DIMENSION ASAVE1(3)»ASAVFE?2(3) »ASAVE3(3) ¢BSAVEY (3)+BSAVE2(3),
1RSAVE3S(3),CSAVEL(3)oCSAVE2(3),CSAVEI(3) o HFAD(12),

INSAVE1(3) »DSAVE2(3) 1 NSAVFI(I) '

DIMENSION XRA(30),YA(30)

COMMON TKCeXKC e TCPCoCPCo TKV XKV TCPVCPV, XNPM)RHOBX ¢ XRM)FMBRB,
1FMFRyNKPE s NCPR TXK ¢ XK » TCP o CPX s NPM» GAPXsFTEST,RTEST s TEMDYI, TX1
2TX2, TX2T o TUL,TULL1»TUL2¢ TR IR1,IR2:+AsByCoD+sSerRIAR,RBICR)DB»SB,
3RR1IIRR2» TYIRHOYI,RHOY2» XMNGIRHOsCP o YKy XKRyCPB,DXR DT, XLOST,
UTABLs TCHAR»TRFCyRHOV,RHOC +FBLOWIFMVEMC o HI00 s NKC , NCPC,NKVoNCPV
SNP yNMRy NPRS e NPF o TEST2, TEMPI s TX0 » TENV ) HENV FENV QL OSS, TLIM, TINT

COMMON T1/,I12,Y3914915,16,0ININT DXeXMT»TLVLBL,DMP,FRR1¢ERR?,
1FRR3)ERRG s HV, VPT , CHARK ¢ CHARC s ABLK » ABLC » XMDC o H

FORMAT (12A6)

FORMAT (1X,12A6)
FORMAT({6E12.8)

FORMAT(615)

FORMAT(1]15%)

FORMAT(21I5)
FORMAT(215+1FE14,8)
FORMAT(///1X,1246)
FORMAT(1H11X,12A6)
FORMAT(UE12,8)
FORMAT(2E12.R+ 16, I5/F13,R9E12,8)
FORMAT(2E12.8,16)

NATA PRVOUS/0545uS54545u%u/
RFWIND 11

STOP=9999,
READ(5¢3003INCASE

LPLOT=0

JENT=n
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AQ000
AD01N
ADD2N
A003N
AOOLN
AODOSH
A00AN
AQO7D
AQ08n
AQ0OD
ADIOD
AOLLN
AO120
AO13n
AQ0140
AD1SN
AD160
AOYITN
AO18R0O
A019n
AQg200
AQ21nN
AD220
AD230
AD2u0
AD25N
AO26N
AB27D
A028N
AQ29n
AO3ON
AD3IN
AD32n
AO330
AO3un
AQ35N
AO3sN
AODXT70
AD3RN
AO3ON
AQuo0
ADHBLN
AQu2n

CADU30

AQLuN
AOLSN
AOL6GN
AOLTN
AOLBN
AQ49N
A0S00
AD510
A0520
A0S30
A0540
40550
ADSAN..,



50

50 Nk=1
11=2
12=2
1322
ju=2
18=2
1622
T17=2
TNT=1
XL 0ST=0,.,0
XMT=0,0
xMDT=n,0
FRR i=n . 0
FRR2=0,0
FRR3=0.0
FRRL4z=0,0
1CT=0
TCONT=0
xMDC=n,0
NKPZ]
Xt STV=0,0
NRS=2
FRRS5=N . 1}
TPCT=0
1CTP=N
1PLOT=1
NXA=1
NYB=1
NXC=1
NYD=1
SAVY3==100.
SAVY4LY==100,
<SX0p=0,0
<NOT=Nn,0

GFNERAL T1ITLF OF PRORLEM
100 READ(SR,3000) (HEAD(K) ,K=1,12)

WRITE(603N009) (HEAD(K)  K=1412)

LPLOT=LPLNT4+4

WRITE (11)Y(HEAD(I),Iz1,12)

wWRITE(6¢110)
110 FORMAT(//1X»11HINPUT NATA,//)

RFAD(S,3000) (TITLE(LY o L=19212)

TF(TITLF (1) .FQ.PRVOUG) GO TO 150

RFAD(S»3011)TLIM, TINT,NPTTyNPLOT,DMP, TDMP

RFAD(S,3u12) (TTARLE(T)»OFLTT(I),IPRC(IV,TZ1,NPTT)

T=TINT !

NTYSZDFLTTI (L)

OT=DELTT(1)/3A00,0

WRITE(6+¢120) TLIMsTINTINPTT
120 FORMAT{1HN»11HTIME LIMIT=01PF10.4s4X,13HTNITIAL TIME=,1PF10.4,4X,5

1HMPTT=r 1u)

WRITE(69122)
122 FORMAT(//8XsuHTIME» 10X sOHTIME STFP6Xy 13HPRINT CONTROL)

WRITE(60128) (TTARLE(T) o DFLTT(I) o IPRC(I)I=1,NPTT)
124 FORMAT(SX1PE1O. 46X, 1PE10 40X, TH)

AQS70
A05A8N

AOQS59N
AQ60ON
AORLN
ADG20
AQAR3N
AQGLN
ADBSN
AD6AN
ADGTN
AQKARN
ADATN
AQTON
AOT1N
AQ720
AQ73n
AD74n
AD7SN
AC7A4N
AQTTN
AOD78N
AQ79n
ADBON
ADR1IN
AQA2N
ADAZN
AOBYN
AQBSDH
AQRAN
AGRTN
AQARSN
A08B90
AQ90N
AQ91N
A0920
AQO3N
AQOun
AQOGSN
A096D0
AOQ9T7N
AQ9RN

- AQ99n

At00n
Alo1n
AlO20
A1030
ALOun
A105&D0
A1060
Al107n
AL108N0
A1090
Af100
A111N
Al1120
Al130



1.OCATION FACTORS FOR CONVFCTIVE AND RADIATIVE HEATING
180 RFAD(5,3000) (TITLE(L)sL=1,12)

IF(TITLE(1) ,EQ.PRVOUS) GO .TO 200
READ(%,3002) FCONV,FRAD
WRITE(6+155) FCONV»FRAD
155 FORMAT (1HO»6HFCONVE,1PES2 .51 UXSHFRADZ, 1PF12.5/)

PROPERTIES OF ABLATION MATERIAL
200 RFAD(5,3000) (TITLE{(L).L=10,12)
IF(TITLE(1) .ENn.PRVOUS) G0 TO 300
RFAD(S»3000) (HEADNG(K) sk=1+12)
RFAD(5,3002) TARLsTCHAR, TREC PHOVIRHOC)FRLOWFMV ,FMC,H30Ny VL oMV
1VPTsFVsTVCHARK » CHARC »ARLK ¢ ABLC
RFA (553003) NPyNKCyNCPC MKV ¢NCPVNREC
READ(S,3002) (TKC(K) ,XKC(K) rK=19NKC)
RFAD(&s3002) (TCPC(M),CPC (M) M=1,NCPC)
RFAD(R,»3002) (TKVIL),XKV(l )sL=1oNKV)
RFAD(S»3002) (TCPVIN) »CPV(N) sN=1,NCPV)
READ(5,3002) (TS(I)sSR(TI)»I=1,NRFC)
WRITE(6»3008) (HEADNG(K) ,K=1,12)
WRITE(6+¢210) TARL ¢ TCHARyTRECyRHOVIRHOC ¢FRLOW,FMV,EMC,H300y VL ,HV
1VPT»FVy TV CHARK,,CHARC » ARLK ARLC ' )

210 FORMAT(1HO»SHTARLZ v I1PF12.5¢3Xy6HTCHAR=»1PF12,5,3X»SHTREC=y1PE12,.5,
-13X s SHRHOVE= 2 1PF12.59 33X, SHRHOCZ s 1PF12.5+21%X/1Xs6HFRLOWS, 1PF12,.5,4%,4
PHFMVS 3 1PE12,5s 4 X UHEMC=, 1PE12,593X s SHH300Z» 1PFL12,5,5X,3HVLE=» 1PE12,
35/0X s AHHVZ e 1PF12,. 504Xy UHVPTZ L IPF12.59SXs3HFV=p 1PF12,5,5X, SHTV=» 1PE
112.512Xr 6HCHARK=Z y 1PF12,8/1X16HCHARCZy 1PE12.5¢3X s KHABLK=Z»1PEL12,503X
2,5HABLC=,1PF12.5/7)

vi.I=vL

vi=VL/12,.0

viL.v=vL

WRITE(60220) NPyNKCyNCPC MKV NCPVsNREC

220 FORMAT(2X »3HNP=» 1 T4 ouX o UHNKC= o1 Tur X o SHNCPCZ o 1 T4, UX o UHNKV= o 1T Uy
15HNCPV=» 114 pU4X s SHNREC=1T4)

wRITE(6¢221)

221 FORMAT(/32Xe1SHVIRGIN MATFRIAL/20X» THTHERMAL s 38X, BHSPFCIFIC/3Xr11H
1TFMPERATURE »UX 9 12HCONNDUCTIVITY 19X e 1 1HTEMPERATURF » 7X, UHHFAT)

KLLL=MINO (NKy,NCPV) ‘
WRITE(60222) (TKVIL) 4 XKV(L) s TCPV(L) »CPVILYoL=1oKLLL)

222 FORMAT(2XpilPE12.504X,1PE12.5,18X,1PFL12.5 ¢3Xs1PF12,.5)
IF(NKV=NCPV) 223,227,225%

223 xLLLL=KLLL+}
WRITE(60224) (TCPVI(L)CPVIL)Y,L=KLLLL,NCPV)

224 FORMAT(UBX»1PF12.503X,1PF12.5)

. 60 TO 227 :

225 kLLLL=KLLEL#1

WRITE(69226) (TKVIL) XKV (L) eL=KLLLLeNKV)

226 FORMAT(2Xs1PE12.504X,1PE12.5)

227 WRITE(6+228)

228 FORMAT(//33X,; 14HCHAR MATFRIAL/20X» THTHERMAL , 38X, 8HSPFCIFIC/3X»11H
1TFMPERATURE s X9 1 2HCONDUCTIVITY s 19X 1 AHTEMPERATURF » TX,, uHHEAT)

KLLL=MINO (NKC,NCPC)
WRITE(6¢222) (TKCIL) ¢ XKC (L) »TCPCIL) 2 CPCILY oL=1KLLL)
IF (NKC=NCPC) 230,235,232
230 kKLLLL=KLLL+1
WRITE(60224) (TCPCIL)CPCIL)L=KLLLL,NCPC)
G0 TO 235

51

Aliun
A1150

ALie60
ALL7D
Al18n
A1i9n
A120n0
Al121n
AL220
A1230
Al24n
A1260
AL26N
Al127n
Al28n0
A129n
AL130D
A131nN
AL132n
AL133D
AL3un
AL3SN
AL360
AL3TN
AL13AN
AL3an
Aruopn
aAlusn
Alu2zn
AlL3n
Albun
ALUKN
ALuAD
ALUTN
Aluan
AlLON
AL50N0
AL1S1N
AL1K2N
A1R3N
ALSun
A185N

-A1560

A187n
A1580
A159n
Al600
Al61N
A1620
A1630
Al&LN
A1650
A166N
ALG6TO
Al680
A169n0
AL70N0



52

232 xbLLLL=KLLL+1 AL71n
WRITE(60226) (TKCIL) ,XKC(L) el=KLLLLINKC) AL1720

235 WRITE(6¢2u0) A1730
240 FORMAT (//28X,23HSURFACE RFCESSION TABLE//25X, 1 1HTEMPERATURE »8Y,11H ALTUN
1SR = TN/SEC) AL7S0
WRITE(6+,285) (TS(I)ysR(T),IZ1,NRFC) ALT&N

245 FORMAT(24Xr1PF12.5+ 7%y 1PF12,5) A1770
Cc ALT7AD
C PROPERTIES OF TRAJUECTORY A179n
300 RFEAD(S,3000) (TITLE(L),L=1,12) ALAON
TF(TITLE (1) ,FO.PRVOUS) 6O TO 40O ALRLN
RFAD(5,3000) (HEADNG(L),L=1,12) ALR2N
READ(S,»3004) NTRAPY ALR3ZN
READ(S93010) (TIMF(K),QCONIK) ,QRADIK) o VEL (K) yK=1,NTRAPT} ALBuN
WRITE(6¢3008) (HEADNG(L),L=1,12) A185n
WRITE(6+310) NTRAPT ALRGN

310 FORMAT(1HD»27H NO, OF TRAJECTORY POINTS =,114) ALIBRT7N
WRITE(160320) ALR8N

320 FORMAT(//8XesuMTIMF »8BX,12H0 CONVECTIVE;“X.!IHG RADIATIVE » X« AHVELOC ALRON
117Y) Al900
WRITE(6¢330) (TIME(K),QCON(K) ,QRAD(K) yVEL (K) o=t ,NTRAPT) Af191n0

330 FORMAT(1~UE14,5) AL1OG2N
C A1G30
C PROPERTIES OF BACK=Up STRUCTURE AL9uN
400 RFAD(S»3000) (TITLE(L)oL=1»12) A1OKN
IF(TITLE (1) ,EQ.PRVOIIGY 60 TO %00 AL194KN
WRITE(60410) ‘ A197n

410 FORMAT(//710%X,%1H PROPFRTIFS OF BACKUP STRUCTURE/) A198n
RFAD(S,3007) NMB,NPBg,BL A199n
RFAD(5,3002) (XNPM(K),K=1,NMB) A20nN

- READ(Ss415) (NKPR(I),NCPB{I),TI=1,NMRB) A2010
415 FORMAT(10715) A2020
NO 420 K=1,Nmr A203n
NPM{K)SXNPM(KI+0,.0000000> A20un

420 CONTINUE A208N0
WRITE(6r425) NMB,NPRg,BL 22060

425 FORMAT(/4X»35HNO, OF MATFRIALS IN BACK~UP SHIFLD=114/4%X,40HTOTAL A207n
INUMBER OF NODFS IN RaACKe=I1P SHIELNDZ:1I4/74X92BHTHICKNESS OF BACK=LIP A208N0
2QHIELN=»1PEL12,5//) A2090
BL=BL/12.0 A210nN

NO uyn I=1,NMR A211n
LK=NKPB([) A2120
LCP=NCPR(T) A213n
RFAD(S»3000) ((XINNT(Ke1)YrK=1612) A214N0
RFAD(5e3002) ({(TXK(JyI) o XK{JsT)),J=1,LK) A218N0
READ(593002) ((TCP(J, 1) oCPX(JpI))ed=1,LCP) A2160
WRITE(Oru432) (XIDNT(K,I) K=1,12) A217n

432 FORMATI(//12AR) ’ A218n
WRITE(6+433) A219n0

433 FORMAT(//?OX.?HTHFRMAL'RRYoGHQPErIFIC/BXo11HTFMPFRATURE»u!.12HCOND A220N
1UCTIVITY »19X, 1 IHTEMPERATURE ¢ TX s U HHEAT) A2210
KLLL=MIND (LK ,1LCP) A2220

NO 434 N=t,KLLL A223n0
WRITE(69¢222) (TXKINsTI e XK{NesIV s TCP(NyTI}sCPX(N,TI)) A2240

434 CONTINUE A2250
TF(LK=LCP) 438,440,037 A2260

435 kLLLL=KLLL+] A227n



NO 436 N=KLLLLL P
WRITE(69224) (TCP(NsT)oCPX(N,T)) -

436 CONTINUE
GO TO a4y

437 kLLLL=KLLL+Y
NO 438 N=xLLLLeLK
WRITE(6:226) (TXK(N,T)»XKI(NyI))

438 CONTINUE

440 CONTINUE
RFAD(R,3002) (RHOBRX(L) ¢ XBM(L) EMFRIL) EMRR(L),L=1,NMR)
RFAD(5,3002) (H(J) ,GAPX (J) o FTEST(J) yBTFST(J) o J=1 s NMR)
WwRITE(6,450)

UR0 FORMAT(///55Xs 10HEMIGSIVITY/BXsBHMMATERIAL ¢ 5Xs THNENSITY » 7X9» FHTHICKN
1FSSe 7% SHFRONT 19X » #HBACK , 7X» IUHNODES/MATFRIAL /)

no 460 LLJ=1,NMR
WRITE(6,455) LLJ,RHORX(LLJ) ¢ XBM(LLJ) pFMFRILLUY +FMRB(LLJ) , XNPM(LLY)

4685 FORMAT(11Xs11108X01PF10,us4X,1PE10.U4,uX91PELIO, 4ouXeIPF10,4,6X:1PFY
10.47)

4,0 CONTINUF

WRITE (6+465) ‘

465 FORMAT(//7uXeaNHADDITIONAY DATA FOR INNIVINDUAL MATFRIALS TN RACKUP
1STRUCTURE //11 X0 BHMATFRIAL »5X s 16HFILM COEFFICIFNT,5X» 13HGAP THYCKNF
2GS s BXySHFTEST» 13Xy SHRTEST)

NO 48n Jz1,NMR

WRITE(6+470) Jr HIJ)1GAPX(J)oFTFST(J) »BTEST(J)
U470 FORMAT(13Xe1TRe 32X e iPFIN UrOXp1PFL10. 47X 1PF11.,4,7X01PETT,U4/)
480 CONTINUE

PROPERTIES OF ENVIRONMENT
500 RFAD(S»3000) (TITLE(L) L=1,12)
TF(TITLE(1).FQ.PRVOUSY GO TO 600
READ(5/,3000) (HEADNG(L)yL=1012)
READ(R+3002) TENV,HENVFFNVsQLOSS
WRITE(6+:3008) (HFADNG(L),L=1,12)
WRITE(6¢520) TENV,HENV)FFNVQLOSS
520 FORMAT (/uX e 12HTFMPERATURF=,1PF12, 59“X.17HFILM COFFFICTIENT=,1PF12.8
1.,4Xs12HVIFEW FACTOR=¢1PE12,5s4XeTHO LOST=,1PEL12,5)

INITIAL TEMPERATURE NYSTRYBUTYON
600 READ(S,3000) (TITLE(L)sL=1+12)
TF(TITLE(1) .FR.PRVOUS) GO TO 700
READ(S,3000) (HEADPNG(L),L=1,12)
NPF=NP+NIPRS
TL=VL+BL
XNP=NP
NXSVL/Z (XNP=1,0)
nXX=DX
RFAD(S,3002) TEST2:.TEMPI,TXO
IF(TEST2) 610,620+62n
610 READ(5,3002) (TEMDI(K) o K=1/NPF)
NO 615 K=1+NPF
TX1(K)=STEMDI(K)
TX2({K)I=TXx1({K)
TULLIK)=TX1(K)
TUL2(K)I=TX1(K)
615 CONTINUFE
L=NP+1
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A2280
A229n0

A2300
A231N0
A2320
A233n
A23un
A235n
A2360
A23T7N
A238n0
A239n
A2unn
A2410
A2u420
A2u43D0
A2u4n
A2450
A2uan
A247n
A2480
A2u9n
A2500
A251Nn
A2520
A253n
A2540
A255n0
A25AN
A257Nn
A2580
A289GnN
A260N
A2610
A262N
A263N
A2640
A2650
A266N
A2670
A268N0
A269n
A2700
A271n0
A2720n
A273n
A27u0
A2T7SN
A2760
A2770
A2780
A2790
A2800
A2810
A2820
A2830
A28un
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617
019

620
625

630
632
6313

635

637 FORMAT(//uXsAUHTEMPFRATURF DISTRYBUTION TN HEAT SHIFLD 1g UNIFORM
1aND EnUAL TO ,3iPE10,.u/)

6uo

b4l FORMAT(4X¢54HI INEAR TEMPFRATURE DISTRIBUTION ASSIMED IN HEAT SHIFL
in/}

6ub
bub
647
6u8
6u9

650

700

725

728

7x0

740
750
760

762
763

NO 619 T=1:NMR

t N=NPM(T)

NO 617 J=1LN

TX2T(Je I)=TEMNI (L)

| =L+1

CONT INUF

CONT INUE

a0 TO 625

CALL TEMPD
wRITE(693008) (HEADNG(L)1.=1,12)
IF(TEST2) 630,635:6Un
WRITE(60632)

FORMAT (U4 X+ S2HTEMPERATIIRE NISTRIBUTION IN HEAT SHIELD 1S ARBRITARY/
nH

WRITE(6+633) (TEMNI(K) k=1 9NPF)
FORMAT (1PRE12,5)

&0 TO 645

wRITE(6,637) TEMPI

G0 TO 645
WwRITE(606u41)

WRITE(6v633) (TEMDI(LY)L=1+NPF)
1F(DMP) 700,7n09646

WwRITE(6s647)

FORMAT(//)

WRITE(6e6U49) (TX1(L),TX2(L)oL=1/)NPF)
FORMAT(2X»1PF12.5,4%X, 1PF12.5)
WRITE(6+650)

FORMAT(//)

FNTHALPY AS A FUNCTION OF TEMPERATURE
READ(5.3000) (TITLE(L)YsL=1012)
TF(TITLE(1) .EQ.PRVOUS) GO TO 725
READ(5,3004) NHP

READ(S,3002) (HX(K) »rTW(K) sK=1,NHP)
no 728 I=1.NpP

TR(1)=0

TR1(IY=0

TR2(IY=D

TFMUIY=0

XMDG(T)=0,0

CONT INUE

WRITE(6¢7%0)

FORMAT(1H1»12H0UTPUT DATA,/Z/)
XC(1)=0,0

nO T4n I=2,NP

XC(I)=XC(T=~1)+DX

CONTINUE

TF(T«TIME(NK)) 7R5¢ 7709760
NK=NK+1

TF (NK=NTRAPT) 750750, 762
WRITE(6:763) NK

FORMAT(1HN» 331 THF VALUF OF NK IS IN FRROR, NK=,i14)
<0 TO 905

A2R5N
A28aN

A2RT7N
A2880
A289n
A2900
A291n
A292n
A2930
A20un
A2950
A2960
A297n
A298n
A299n
A3NON
23010
A302N
A303N
A304N
A30SN
A3060
A3QT7N
A3NAN
A3NGN
A31nN
A311n
A31on
A313n
A314n
A3150
A31a0
A3170
A3tan
A3ION
AZ200
A3210
A322N
A323n
A324n
A325n
A3260
A3270
A328n
A329n
A3Z3Z0N
A331n
A33on
A333n0
A334un
A335N
A33AN
A3ZX7n
A33Aan
A339n
A3unn
A341N



765
766

770

775
776
777
778
779
780

782
7R4

TR6

TR8
789

4001

790
791

792

793
1790

1708
1704

795
796

TF(NK=2) 762,766,766
QCONX=QCON(NK=1)+( (ACON(NK ) =QCON(NK=1) ) /{TIME (NK)=TIMF (NK=1)))

1%(T=TIME (NK=1})

QCONX=FCONV*QCONX
QRADX=QRAD(NK=1)+({ (ORAD(NK)=QRAD(NK=1)) /(TIMFE (NK)=TIMF (NK=1)})

1% (T=TTME (NK=1))

QRADX=FRADX*QRADX
VFLXZVEL (NK=1)+ ( (VEL (NK)=VEL (NK=1) )} /(TIMF (NK)=TIMF (NK=11})

1% (T=TTME (NK=1))

60 YO 775
QCONX=FCONVXQCON(NK)
QORADX=FRAN®QRAD (NK)
VFLX=VEL (NK)

COMPUTE HFAT RLOCKAGF AT FRONT SuRFACE

TF(I17=1) 778,778:776

TF(X17=NHP) 7777779778

TF(TX2(INT)=TW(Y17)) 782,788,780

WwRITE(60779) TX2(INT)

FORMAT(1HD»80H THF RANGF OF THE FNTHALPYTEMPFRATURE CURVF FIT WAS

1FXCEENED AT A TEMPERATURF OF,1E1n.4)

G0 TO 905

T17=117+1

G0 YO 776

TF(TXPLINT)=TW(I17=1)) T7AuIT7BR,7ARE

117=117=1

GO TO 775

HWEHX (11 7=1)+ ((HX(I17)=HX(117=1))/(TW(I17)=TW(I17=1)))

I (TX2(INT)Y=TW(I17=1))

G0 YO 789

HW=HX{I17)

HTX=H300+ ( (VFI X%%2) /50056 .5)
ARLOCK=(FRLOWXXMDG(INT) % (HTX=HW))/3600N,0

COMPUTE HFAT TN DUE TO SURFACF COMBUSTION
XMDO=XMDC
CALL OXIDAT(xMDO,Q0XTD)

COMPUTE Q«-HOT WALL
TF(TDOMP,EQ.0,.) GO TO 4001
IF(T.GE.TDMP) DMp=1,n

72 (HTY=Hw )/ (HTX=H300)
IF(Z=1,0) 790,792,793
IF(Z) 791,791,793

AaHW=0,0

c0 TO 1790

AHW=QCONX

G0 YO 1790

QHW=Z %QCONX
7Z22=(QOHW=QBLOCK) /OHW
1F(227=0.2) 1798,1793,179u
ORLOCK=0 , R*QMW

NFT HEAT INTO FRONT SURFACE
IF(IEM(INT)) 795,795,797
TF(TX2(INT)=TCHAR) 796, 706+¢797
FMXZEMV
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A342n
A343N

A3bun
A3usn
A34an
A347N
A3uan
A3ugn
A3S0N
A3510
A352N
A353n
A3RuN
A3ZSSN
A3SaN
AZETN
A3RAN
A3RGN
A36nN
A3GIN
A362N
A363N0
AZALN
A365N
A36AN
ABKTN
AZAEN
A3RON
A3Z7nn
A37LN
A372n
AZ73N
A37T4n
AZTEN
A3760
A3TT?N
A378n
A379n
A3ANN
A3R1N
A3ZR2N
A3ZR3N
A3ZRLN
A3RSRN
A3ZBRAN
AZRTN
AJRARN
A389nN
A3o0n
A39%N
A392n
A3930
A39u0n
A3050
A3960
A307Nn
A3980
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c

797
798
800
801}

8n2

8n4

80%0

1780
80nb
8neé

8061

80a2

8064

8066

8069
8n7
&n8
an9
810
827
878

830

G0 TO 798

TFMOINT) =Y

FMXEEMC

GIN‘GRADX+0HW+GOXID-QRLOCK-(0 B33AZE=13) 2FMXxF Ve ( (TX2(INT) %%l )=

1(Tvexu))

IF(DMP) AN&KsBNLH»8NO

WwRITE(6,801)

FORMAT(/7/)

WRITE(6e8Nn2) ACONY s ORADX,VELX ,HTX 1 HW s Z» QRLOCK » GHW+ QOXTDs QTN

FORMAT (1 X, 6HQCONX=»1PF12,5¢2X6HAORADX= ¢ 1PF12,5¢2X ¢ SHVFLX= 9 1PF12,.5,
12X UHHTXS ) 1PE12.5¢2X, SHHWZ o 1PF12 5/1X,2H7201PF12,5:2X, THORLOCK= 1P

2F12.:5¢2X e UHOMWES )y 1IPE12,592X s 6HAOXIDN= o 1PE12,5¢2X s 4HAINZ,1PF12,.5/)

RNINS=QTIN*3600,0

CHECK FOR FROMT SURFACE RFCESSION (CHAR 1_LAYFR REMOVAL)
CALL RECESS(XMDC ,XLOGTs TRFCIDTHRHOC»TS»SRyTX2(1),NREC,NRGIERRS,»SYN
1.SDOT,DMP)

TF(ERRS) R050,805N,98

VLVEVLV=X1 0ST

Xt STV=XLSTV+x| OST

Xl STI=XLSTV*12,0

NXVEVLV/ (XNPa1,0)

XV(1)=0,0

Nno 1780 I=2.NP

XV(I)-XV(T-1)+DXV

CONTINUF

nx=Dxv

1F(ERRU4) AD6,206,R05

0 TO 905

cCALL COEFF(NPFET,sDOT)

TIF(DMP) 8n69,8069,80a1

wRITE (60 86062)

FORMAT(/1Xe23H COEFFTICIFNTS FOR SWUFT/)
Ne RO66 I=1wNPFT

WRITE(6:8064) A(I)2RII),,C(I)oD(1)0]
FORMAT (1HN»SHA(I)=)1PF15,892XsSHRIIVIZ)IPF12,502X,SHC(T)=,1PF12,.5,2
I1XySHD(IV=91PE12.502%X,2HIZ 1Y)

CONTINUE

TIF(FERR2)Y ROT7,r07,80%

TF(ERR3) R10,r10,808

wRITE(6¢809) TKK

FORMAT(1HO»1aH THF VALUF OF IKK=,1I4)
0 TO 905

CALL SWUFT(ARsCoyDNeTY,NPFT»DMP)

no 828 I=t!Np

TX1(1)=TXx2(I)

T2 (1) =TY (D)

CONTINUE

cALL UONQ(XLOQT!XV!TX?.NP.XCpTXZC'XDV'KKVoXLSTVoDXX)
CALL ABLATE

XMDT=XMDG (INT ) +XMNC

T=NP+1

no 1815 I=1.NMB

LLLTSNPMI(])

IF(I.FQ.1) 60 TO 181>

IF(GAPX([=1) ,FQ.0.) GO To 1812

KKT=1

A399n
A4DNN

A4O1N
AuO2N
ALO3N
ALOun
AGOSO
AUDAN
ALOD7D
a408N
aAuNa9n
A410N
AGLIN
au12n
AL13N
A4tun
ABiISN
ALien
AU170
AuiAn
Au190
AL200
Ag210
Au22n
ALU23N
A424n
AL25N0
AL260
AL270
AW2AN
Ay29n
A430n
ALBIO
AU320
AL33N
ALBun
AU3EN
AUZ6N
AU3TO
AL38N
AG39n
Asuan
Albin
Aul2n
AaL3n
Adbun
ALuson
ALLAD
ALLT70
ALLUAN
AubLon
AUSON
A4S1n
ALSON
ALS3N
AGSLUN
AUK5N



1812
1813

1815

1816
1817

1819

5834

5836
5838

839

838

835
837

GO TO 1813

KKT=2

NO 1815 UsKKT,LLT

TX2T (U 1) =TY(LT)

LT=LT+1

CONT INUE

NnoO 1819 1=1,NMB

TF(I.FQ,1) GO TO 1814
TF(GAPX(1+~1),FQ@,0.) GO TO 1817
G0 TO 1819

TX2T(1+1)=TY(NP)

60 TO 18190

LX=NPM(T=1)

TYX2T (12 1) =TX2T(LX» I=1)

CONT INUF

t M=NP+1

NO 833 1=1,NMR

1.Z=NPM(T)

no 83% J=t.L2

TX2(LM)I=TX2T(Je )

t MzLM+l

CONT INUE

NO 5834 12 NPTT
TF(T=TTARBLE(1)) 5R835,5835,5834
NTS=DFLTT (I=1)

TPRCT=IPRC(I=1)
NT=DELTT(1=1),3600,0

G0 TO 583&

CONTINUE

PYS=DFLTT (NPTT)
TPRCT=IPRCI(NPTT)
NT=DELTY(NPTTY/3600.0

ICT=ICT+1

VLTEM=SAVY3

CALL TSOTHM(IXVeTX201060, +NP,SAVFIT)
SAVEIT=SAVEIT+XLSTV
TF(SAVY3.LT,SAVEIT)SAVYI=SAVEIT
IF(VLTEM,FQ,SAVY3)GO TO ax9
QAVX=TY

GAVY1=XLSTI

SAVY2=TX2 (NP)

CALL YSOTHM(XVeTX2¢1460, NMPeSAVYL)
AL TEM=SAVY4LX

CALL TSOTHM(XVeTX2,1ur0, NPrWFKFEP)
WFKEEP=WEKEEP+XLSTV
TF(SAVYUX LT WEKEFP)QAVYUXZWEKEFP
IF(BLTEM,FQ,SAVYUX)GO TO 838
SAVEXX=T

QAVY1X=XLSTI

SAVYZ2X=TX2 (NP}

CALL TSOTHM(IXVeTX2910n60, MP»SAVY3X)
CONTINUE

IF(IPRCT=-ICT) 835,835,840

WRITE(6+837) ToQCONX, QRANY ) VEL Xe XMDG{INT) p XMDC » XMDT » XLSTT» QHW

FORMAT (1HO»SHTIMEZ,

1 1PF12,5¢2X ¢ 12HRCONVECTIVE=s 1PF12.5,2X¢ t1HORADYAT
1TVE=21PEL2:5,2XeOHVELOCITY=»1PE12,5/1X s 1AHGAS AR ATION RATE=,1PF12
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ARSBAHN
ALURTN

AUSAKN
AYRON
ALKON
AL6IN
A4E2N
AUGLIN
A46UN
ALGSN
ALGHN
ALGTO
AL680
A46IN
A4700
AUT71D
A4T2N
ALT73N
AGUTUN
LTSN
A4TRN
AGTTN
au7an
ARTON
AURON
A4URLN
A4RBR2N
ALRZN
AUBLN
AUBSKN
Ay8aN
ALRTN
AURAN
AUBON
ALOON
ALOIN
AUO2N
AUO3N
AuUO4n
ALOSN
AL9RN
ALOTN

. A4L9RN

A499n
ASOnN
a501n
AS02N
AS030
ASO40
ABOSKN
ASO6N
AS070
AS080
A509n
AS10n
AS110

A5120



58

8uo
841

Syu2

98u3

8u2
8u5

880

80

862

8R4

8¢5

900

9ns

2,5¢2X 9 19HCHAR ARLATION RATE=,1PF12,502X»20HTOTAL ABLATION RATF=,1P
BF12.5/71X 1 16HRFCFSSION DFPTHZ,1PF12,5:,2Xs10HAHOT wALL=,1PE12,5)

T=T4DTS

TF(NPLOT.NE.1) GO TO RY2

CALL SAVE (ASAVEL,ASAVF 2, ACAVFER)UGEAINXA XLSTT DTSy TLIM, T, VALUIFA)
CALL SAVE(BSAVE1,RSAVF2,RSAVFRUSFBINXBr TX2(NP) NTS» Tt IM, T, VAI UFR)
CALL TSOTHM(XVeTX201060, NPpY3)

CALL SAVE(CSAVEY »CSAVF2y CRAVFI)USFCHNXCr»YIsDTS,TI IM» T, VALUEC)
CALL TSOTHM(XVeTX27r1uR0, NPyYH)

CALL SAVE(DSAVEL,NSAVF2,NSAVFIyUSEDINXD oYL o DTS, TLTM, T, VAL UED)
TF(USFANF,0,n)GO TO 9842

TF(USFBNFL.0,N)GO TO ogup

TF(USFC.NF.0,0)G0O TO 984>

TFUSFDNF,0,N)GO TO 9Bu2

GO TO 9843

XPLOT=T=DTS

YPLOT1=VAL UEA

TF{USFANF.0,nN)YPLOT1=USF A

YPLOT2=VALUER

JTF(USFB NF.0.N)YPLOT2=USFR

YPLOT3=VALUEC

TFIUSFCNFL 0. NYPLOTA=USECR

YPLOTu=VALUFD

TF(USFD.NF40.N)YPLOT4=USFN

WRITE (11)XPLOT,YPLOTY1,»YPI OT2,YPILOTI»YPLOTY

TF(ICTP NF.0) GO TO Ru2

1CTP=Y

XPLOT=T

YPLOTI=XLSTY

YPLOT2=TX2 (NP

CALL TSOTHM(XVeTX29 1060, NPrYPLOTS)

CALL TSOTHM(XVeTX2014R0, sNP,YPLOTH)

WwRITE (L1L)XPLOT»YPLOT1,YPLOT2,YPLOT3,YPLOTH

TF(IPRCT=TICT) 8Bu5,845,90n

WRITE(6+850) T

TPCT=TPCT+1

IF(IPCTEQ.2)TIPCT=0

TFIIPCTEQR.0)TCTP=0 :

FORMAT(1HN» 7oHTEMPERATURF DISTRIRUTION IN HEAT SHIELD AT THF FND O
1F THE TIMFE STFPy TS ,1PE12.5,1X» 7HSECONDS//)

WRITE(6¢860)

FORMAT(UX  4UOHTEMPFRATIUIRE DISTRIRUTION IN THE ABLATING MATERIAL//)
KKVZKKV+1 ’

WwRITE(6e862) (TX2C{T),I=1KKV)

FORMAT(6X,1PF12.501P5F16,5)

TJ=NP+1

WRITE (60 8R4)

FORMAT (//7uX)uoHTEMPERATURF DISTRTRUTION IN THF RACK=(JP STRUCTURF//
1)

WRITE(6e8A2) (TX2(I),1=1JsNPF)

wWwRITE (69 865)

FORMAT(//)

1CT=0

CONTINUE

IF(T=TLIMY 75ns750+90n%

TF(NPLOT.NE,1) GO TO 9Q9

XAVY3TSAVY3=SAVY1/12,

A513n0
AS5t1un

AS150
A516N0
AStL7N
AS51AN
AS19n
AS200
AS21nN
AS200
AS23n
AS24n
AS25n
AS260
AS2Tn
AS28N0
AS529n
AS3nN
A531n0
AS32n
AS33n
ASRyn
AS35N
AS3aN
AS37n
AS38n
AS3On
ASunn
ASu1n
ASL2N
ASuL3N
AS4un
ASusn
AS4RN
ASUTN
ASu8n
ASu9n
AS50N
AS%1n
ASK2n
AS53n
ASSun
AS550

AS55aN

ASS70
AS5RN
AS590
AS60N
AS61N
ASA2N
AS563n
AS6LN
A5650
AS6AN
A5670
AS680
AS69n



9005

9006

909

911
910

920

924
926

930
9uQ

XAVYGYXEZSAVYUX-SAVYLIX/12,
TF(SAVX.EQ«XPLOT)GO TO Onng

WRITE(11)SAVX,SAVYL1,SAVY2,XAVY3)SAVYY
TF (SAVEXX,EQ,¥PLOT)GO TO 9006

CAVUI=SAVY4Xxt2,
CAVII=SAVY3x12,

WRITE(11)SAVEXXySAVY1XpSAVY2X,SAVY3IX, XAVYUX

WRITE(6+929)GAV3I,SAVLY

929 FORMAT(1HO»23HMAXTMUM 10aAN ISOTHFERM =F16,R,2X23HMAXIMUM 146N TSOTH
1FRM ZF16,.8)

WwRITE (11)STOP»STOP,sTOP,STOP,STOP

TF(LPLOT.NE NCASEYGO TO 911

DATA END/6H  FND /

WRITE(11)FND,FND,ENN,FNN,FNDyFNN,ENDs END,FNDN» FND, END, FND

QUIT=RBRH,

WRITE(11)QUIT,QUITQUIT»oUIIT,QUIT

FND FILE 11
RFEWIND 11

TF(TEST2) 910,930,930

nO 920 JJK=1 ,NPF
TYL(JIKI=TEMDT (JJUK)
TY2 (JIK)I=TXT (JSJK)
TULE(K)I=TX1(K)
TUL2(K)IZTXL(K)
CONTINUE

TL=NP+1

NO 924 I=1NMR

TI N=NPM( 1)

NO 924 Jz=1»ILN
TX2T(Je T)=TEMNI(IL)
TL=iL+l

CONT INUF

CONTINUE

c0 TO 940

CALL TEMPD

T=TINT

nX=DXYX
PYS=DFLTT (1)
NT=DELTT(1)/3£00.0
vi.v=vL

c0 TO 50

END
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AS7a00
AST1n

AS5720
AS73n
AS76N0
AS78Nn
AST7un
AST7n
AS780
AS79n
ASBON
ABB1N
ABR2N
ASA3N
AS8u4n
ASASN
ASRAN
ASRTN
ASRAN
ASAQAN!
AS9qan’
ASO1n:
AS92n
AS93n
ASOUN
AS95n
ASORN
AS97n
AS9RN
A5990n
AGONDD
ABO1LN
AG02N
A6030
AGOUDN
AKORN
AGOAD
AB070
A60AN
A600N
AG10D
ABILN



60

$IBFTC COEF

c
<

10

THIS SUBROUTINE DFTERMINFS THF COEFFICIENTS OF THE MATR!X
SUBROQUTINF COFFF (NPFT,SDOT)

NIMENSION TITLE(12) sHFADNG(12) o XIDNT(12,12),TKC(20)4XKC120)
1CPC2N) s TRV (2N o XKV (20) » TEPV(20),CPV(20), TIME(300) s QCON(300),
20RAD(R00) »VEL (300) ¢+ XNPM({12) ¢NKPR(12) sNCPR(12) pTXK{20,12) XK(20,12)
3,TCP(20012)+CPX(20012) s RHABX (12) ,XBM(12) ,FMFB(12)sEMBR(12) +HXX(32)
4,GAPX{12) +FTEST(12) yRTEST(12) 2 TEMDI(200),TX1(200),TX2(200)s
STX2T(10012) o TILL1 (2003, TUL2(200) ¢y HX(50) » TW(50) s IR(50), TR (50},
6TR2(5M) s TULISN) s JEM(SN) , TY(200)9A(200),R(200),C(200),N(200),
TRIB0) yRHO(50) ,CP(S0) NXP(12) 4 XKR{10412) oCPB(1N12) 4 XMNG(SN),
BYK(50)+A3(10,12),RB(1Nny12),CR(10,12),DB(10:12)+SR{10,12),
ORRI(1INY1I2YIRR2(10212),HI12)eSIS0)INPM(12)

NIMENSION TTUL (50) sRHOYI (R0) ,RHOY2{50) s DRHO(5N) y» TCPC(20)

COMMON TKC o XKC e TCPCICPCy TKV o XKV TCPV, CPV, XNPM, RHORX ¢ XRMs FMBR,
1EMERy NKPH s NCPRy TXK ¢ XK o TCP » CPX s NPMy GAPX 4 FTYFST,RTEQT TEMDT, TXY
2TX2 9 TX2T o TUL»TULL o+ TUL29 IR+ IR1,IR29»AeB,CoDeSsRyAR,BBsCRsDRs SR,
3RR1)RR29»TYsRHOYL yRHOY2 ¢y XMNGIRHO» CP e YK o XKRoCPByDXRo DT, XLOST,
S4TABL s TCHAR» TRFCoRHOV ,RHOC sFBLOW» FMV yEMC o HX00 s MKC ,NCPC , NKV  NCPV
SNP o NMRyNPRSyNPF s TESTo s TEMPTI o TX0 » TENV S HENV o FENV o OLOSS,, TLIMy TINT

COMMON T10I2,139J0+18,I6,0INyINTDXoXMT,TLIVL+BL,DMP,FRR1,ERR?,
1FRR3VFRRY s HV , VPT s CHARK s CHARC » ABLK ¢ ABLC o XMNC o 4

CALL PROP

YNP=NP

SCINTIS{RHO(INT ) aDX2P{INT) Y/ (2,0%0T)
RUINTIS(1.,0)/7((DX/2en) % ( (1 o0/YK(INT))*(1,0/YK(INT1))Y)
A(INTYIZ=O0.N

RUINT)IS(=( (XMNG(INTI+XMDCI®CPUINT)+SCINTI4R{UINTIARHO(INTI®CP(INT)
1%(SDOT/(2,0%(YNP=1,0)))1))

CUINTISXMDG (INT+1)2CPIINT+1I+R(INT)I+RHO(INT4+1 ) xCP(INT+1)2SDOT
1% (YNP=1,5/(YNP=1,0))

PUINTIZS(=(QINSSCINTITX2(INT))) S (XMDGC(INT)=XMDG(INT+1))uHV
NPP=NP=1

JNTZINT+1

Nne 10 I=JUNT,NPP

1=l

S(II=(RHO(IYxNXxCP (1)) /DT
RIIIS(LeV/UUIDX/(2:08YK{T) )} ) DX/ {2.0%YK(T+1)) )2

A(I)=R(T=1)

RII)=(=(XMDG(T)%CP(I)+R(T=1)+R(1)+S(I)+ RHO(I)*CP(I)*QDOT*((YNP-YT
1=0,5)/7(YNP=1,0})))

ceIy= XMDG(I+1\*CP(I+1$+P(T)+RHO(I+1)tCP(T+1)*§DOT#((YMP-XI-O 5)
1/(YNP=1,0))

DTN (=(S{I)xTX2(1)})) +(xMDG(!)-xMDG(I+1))*HV

CONTINUFE

RINP)=(1.0)/7((DXB(1) /(?.0*!KR(1-1)))+(0XR(1) 72, NEXKR(2,1))1)
SINP)=(RHO (NP %DX%CP (NP) +RHORX (1 )% CPR(1,1)%DYB(1))}/(2.0xDT)
A{NP)I=R(NP=1)

RINP)=(=(XMDG (NP)%CP (NP) +R (NP=1)+R (NP)+S(NP) ))

¢ (NP)=R (NP}

NINPI=(=SINP)xTX2(NP)) +XMDG(NP)xHV

NO 200 I=1,NmR

1F(I=1) 20+20,30

20 AR(1,T)=A(NP)

RoonNN
RONtA

no620
RrRON3N
ROOUN
ROOSN
ROOAKN
rOOTN
RONAN
RrONSN
rO10ON
RO1LN
RO120
RO130
RrRO14N
RO1SN
ROL16N
rRO170
rRO1AN
rO19N
ro2an
RO21nN
ro22n0
RO23N
ROZ24N
RO25N
RO2AN
RG27TN
RO28N
ro29n
ap3nn
RO31N
RO32N
RO33ZN
RO34n
RO3SN
RO3AN
PO37N
rRO3AN
rRO39N
rRO4AN
aoL1n
ROLSN

ROL3N

RO4uUN
ROusSN
ROLAN
RO4T7TN
RO4BN
ROLON
RrROSON
ROS1N
rRO%20
RO530
ROSLD
ROSS0
ROS6N
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1n0
110

115

120
125

127
130

RR(1,1)=B(NP)
CR(1eT)=C(NP)

NR(1,T)=D(NP)

G0 TO 65

1. =NPM(1I-1)

IF(FTFST{(Y)) uS5,u0ets

CR(1,T)=(RHORY(T)%CPR(1, TIRDXP(I)+RHORX(T=1)12CPR(L»1=112DXB(1=1))/
1(2.0%DT)

RRI(1,I)=(1.0V/ ((DXR(T=1)/7(2,0%XKR(LyI=1)))¢(NXR(1e=1)/(2, 02XKPR (L =1
1,1=1)1}))

RR2 (1o I)=(1e0V/((DXRITI)I/Z (P 0XKBR(1»I)))+(DXR(T)/(2.0%XKR{2,T))))
AR(1,T)=RR1(1,I)

RR(1+s1)=(=(RRY1(1,T)+RR2(1,1)4SB(1,1)))

CR(1:T)=RR2(1,]1)

NMR(LeTI=(=(SRI1I)ERTX2T(1,I)))

60 YO 65

IF(FTFST(T)) ®0suNeSK

GZ(1.,73E=09)/(1.0/7EMBR(T=1)+1, 0/FMFF(I)-1 0)

<0 70 60

G=0.0

SR(1»T)I=(RHORX(I)*CPR(1,1)%DXP(11)/(2,0%DNT)

RR2 (1, IVS(1. 0V /7 UUNXBLI)I/Z(2.0xX¥KR(1, 1))+ (NXR(T)/(2.02XKR(2,T1))))
AR(1s1)=H(Iw1 )44, 0%Gx ( TYX2T (L) T=1)%%3)

RR(1pT)S{m (HIT=1)+U,,0%xGx (TX2T(1»T I%%x3)+RB2(1+T)+SB(197)))
CR{1sT)=2RR2(1,]1)

NE(LeT)I=3,0%6x ((TYX2T (Lo T=t )kl )m(TX2T (1o T)%%U) )=QR(1, 1) %TX2T (1.1
| F=NPM(T)=1

N0 100 JE2eLF

SR(Je TIZ(RHOBY(IIRCPR(J, TIRDXR(1)) /DT

RRIGU,INIZ(L0YV/ ((DXB(T)/(2.08XKR(J=1»T)) 1+ (DXR(TI/(2,0n%XKR{(J,T))))
RR2(J»IV=(1,0)/C(DXR(T)/(2,08XKB(J+151)))+(DXR(T)/(2,0%XKR(JyT))))
AR(Jy T)SRR1(J, 1)

RRUJyT)I=(=(RBI(Js TI+RR2(Up IV4SB(U I )

CR{Js T)IZRR2(Jp 1)

NDRIJeTIS(=(SR(JeI)XTX2T(J,I)) )

CONT INUE

TF(I=-NMR) 110,250,250

LNF=NPMI(T)

TF(RTFST(I)) 120,115,120

SRILNF» I)=(RHNABX(T) XCPBLNF o IIDXR(I}+RHORX(I+1)xCPB(114+1)xDYB( T+
11))/7(2.,0%DT)
RRI(LNF»I)=(1,0)/((DXRIT)/(2.0%XKR(LNF=1,T)))+(DXB(I)/(2,0%XKR{LNF
1,1)1))

RRZ(LMF»II=(1,0)/70(DXP(T4+1)/(2,0xXKB(1¢14+1)))+(NXR(T+1)/
1(2.,0%xXKR(2¢1+1))))

AR(LNF,T)=RB1(LNF, 1)

RRILNFI)=(=(RB1(LNF, r)+RP2(LNFo1)+§B(LNFoI)))

CRILNF)» T)=RBo(LNF,I)

NRILNF I )= (= (SBILNF s TIXTX2T(LNF»T)))

G0 TO 200

TF(RTEST(T)) 125,115,127
GZ(1,73E=09) /(1. 0/7EMRR(T1)+1,0/EMFB(I+1)=1,0)

0 TO 130

=0,0

SRILNFy T)=(RHOBX(I)%cPB(I NFeI)1xDXR(I))/(2,0%xDT)

RRIGLNF IN=(1,0)/7((DXR{T)/(2,0%kXKR(LNF=1,T))1)4(DXPR(1)/(2,NkXKR(LNF
1,0

61

ROS7TN
ROSAN

rOSON
ROAGNN
ROG1IN
ROE2N
ROG3N
rROGUN
RO6HN
ROGAN
ROAKTN
ROGAN
ROAON
rOT70ON
ROT7LN
rO72n0
RO73N
RO74nN
rRO75n
RO7AN
RO770
RO78N0
RO79N
RORAON
rRO81N
RO&2N
ROB3IN
ROA&4N
ROASN
ROARAKN
rROB7O
RORAN
ROAAN
rRoonn
pPoOoLnN
RrRO920
ROOXN
ROO4n
ROOS5N
RO9AN
ROO7N
rO9AaN

RO99N

r1OON
R1010
R1020
RININ
R104N
R10SN
R10A0
r1070
R1080
Rr1090
Ri100
rRif10
Rri12n
R1130
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AR(LNFT)=RR1 (LNF, 1)
RR(LNF s T)=(=(PBL(LNF, T)+H(I)+SBILNFoI)+4,0%Gx (TXOT(LNFy1)ex3)))
CRILNFT)IZH(TY+L 0GR (TXPT(1,7¢11%%3)
NDRA(LNE, T)Z=3, NGk ((TXOT( 1,141 ) anlt ) {TX2T(INF T ) 234 ) )=SR{LNF,TIxTXDT
1(LNF,T)
200 CONTINUF
250 MNZNPM(NMR)
TF(OLOSS) 2702600270
260 SR(MN,NMB)YZ(RHOBX (NMR)%CPR(MN,NMR)%=DXR(NMR)})/(2,n*DT)
RRL(MNONMRIZ(1,0) /7 (DXBINMB) /(2 ¢ xXKR(MN=q1 ,NMB) ) 14 (DXR(NMR) /7 (2, 0%XK
1R(MN,NMR))))
AR (MN,NMEBISRR1 (MN, NMR)
HR(MN ) NME )= (= (RPR1 (MN,NMR) +SB(MN,NMB) ))
CR{(MN,NMBI=0, N
MR (MN,NMBIZ (a (SR(MNsNMB) xTX2T (MN,NMR) ) )
c0O TO 280
270 SR(MN,NMBE)=(RHORX (NMR) xCPR (MN,NMR)xDXR(NMR) )/ (2,0n=DT)
RRIIMNONMR)IZ(1,0)/7((DXBINMB) /(2,n¥XKB(MN=1oNMR) ) )+ {DXPRI(NMR) / (2, 0xX
1KR(MNyNME) ) ) )
AR (MN,NMEIZRR 1 (MNyNMR)
RR{MN,NMg 1= (= (RB1 (MN ,NMR ) +HENV+ (14, 73E=09) %FFNV%U, n*(TYaT(MN'NMB)t*
13)+SB(MN,NMBY)Y)
CPR{MN,NMBIZ0, N
PR {MNGNME ) = ( (HENVRTENVSFFNVR (1, 73E=00) % ( {TENVS 24 ) +3, 0% {TX2T (MNyNM
1R)%*4) )+SRIMN,NMB) T2 T(MN,NMP ) })
280 | =NP+1
no 300 Iz 1.Nw=
K=NPM(I)
TF(1.FQs1) GO To 282
TF(GAPX(I=1) ,FQ,0.) GO TO 2R2
KT=1
GO TO 285
2R2 kT=2
2R5 N0 290 JzKTeK
afLI=ABlJ,1)
RILIZRB{Js I}
ctLY=CB(J» I
NILI=NB(UPI)
1F(DMP) 289,209,286
286 WRITE(6¢2R7) ABUJr IV RBUUsI)oCB{JrI)oNBLUsI) o JeT,ALL) oBILYLC(L) NS
1t Y.L
287 EORMAT(1HD BHAB(U» IV =) 1PF12,5+2X,BHBB(JrTIZs1PEL12.512YsBHCB(U,I) =y
11PE12,502X08HNB(U» IV =y IPF12.512%X s 2HJT o I3,2X»2HI=, 13/1X e SHA(L )=y 1PF
212.502%X e 5HBILIZ21PEL2, 542X e SHO(LYZ» 1PF12,8¢2X»B5HN(L )=, 1PF12,5,2%,?
Il =e13)
289 | =pL+}
290 CONTINUE
300 cONTINUE
NPFT=l =1
RFTURN
FND

R134N
R1150

Ri160
R1170O
R11AN
R1190
ri20n
R121n
R1220
R123n0
RL24n
R1250
R12aN
R127N
Rr12an
RrR1290
Pp13an
r1X1IN
r1320
R133N
R13un
R135N
R136N0
R137n
RrR13a0
RrR139n0
riunn
RiGLin
Ri42nN
ri43N
RiG4O
RI4KN
rR14AN
RrR1LT7N
R14RO
Alu9n
P1500
R1S1inN
R1520
R153N
rRiSun
R16§N
r15aN

‘R157N

RriSan
ri59n
R1600
R1ALN
Ri620
r163N
P16u0
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THIS SUBRKOUTINE DFTFRMINFS THF PHYSICAL PROPERTIFS OF THF
HEAT SHTELD STRUCT(IRE
SUBROUTINF PROP

NIMENSION TITILE(12) oHFADNG(12) o XIDNT (1212} 9 TKC(2N) 2o XKC(20),
1CPCL20) s TKVI20) ¢ XKV (2N) y TCPV(20) ,CPV(20), TIME(300) e QCON(300),
2aRAD(300) y VEL (300) o XNPM(12) pNKPR(12)YyNCPR(12) 9 TXK(20,12),XK(2n,12)
B3.TCP(20012)+CPXI20012) o RHNOBX(12),XBM(12),FMFB(12)»EMBR(12),HXX(12)
U,GAPX(12) oFTFSY(12) sRTEST(12) o TEMDI(200),TXI(200)TX2(200),
STX2T(10012) 9 THLI(200), TUL2(200) o HX(S0)»TW(5N) , IR(50), TR1(50),
ATR2(50)» TUL(RN) » IEM(SN) , TY(200),A(200),Rt200),C(200),N(20N),
TR(S0) sRHO(50) 4 CP(50) ,NXP (12) o XKB(10,12),CPB(10,12) 9 XMNG(&K0)

AYK (501 9»AK(10,12),RB(1Nn,12)¢CR(10,12)sDB(10,12),SR(10,12),
ORRI(1N,12)V)RR2{10012V,H(12)¢S(50) NPM(12)
PIMENSION TTUL(B50)2RHOYI (RO),RHOY2 (501 +DRHO(SN) »TCPC(20)

COMMON TKCoXKC o TCPCICPC TV o XKV TCPVCPV, XNPM,RHORX s XRM» FMBR,
1FMFRINKPRB s NCPRy TXK o XK ¢ TCP o CPX s NPMy GAPX o FTEST»RTESTs TEMDTI, TX1
2TX2,TX2T» TUL, TULL o TUL2» IRV IR1,IR2¢A9BsCeNeSeR+AR,RBsCRyDRs SR,
B3RP pRR2» TYIRHNAY L ,RHOY2 ) XMNGoRHO yCP s YK ¢ XKR ¢ CPByDXRs DT, XLOST,
uTABLOTCHAP!TRFCORHOV.PHOCoFBLﬁW'FMV!EMCOHSOOONKC.NCPC.NKVONCPVO
SNP yNMRNPRSINPF s TEST2, TEMPI » TX0» TENV s HENVFENV» QLOSS, TLIMy TINT

COMMON T1,12,132J4015,16A.,QIN,INT, DX XMTTL VL BL,DMP,FRR1,ERR?,
1FRR3»FRRU s HV,VPT, CHARK ) CHARC s ABLK 9o ABRLC o XMDC o H

KINT=TNT

No 170 I=KINT,NP

IF(IR(IY) 12,12,100
TUL(IY=AMAXI (TXL(T)rTX2(T)Y)
TF(TUL(I) ,LF,TARL) 6Gn TO 20
TR(I)=1

<0 TO 100

TF(I1=1) 25,2521

TF(11=NKV) 22,22,25
TF(TX2(1)=TKV(I1)) 35,5%5,%0
WRITE(6026) TX2(1)

FORMAT (1HN87H THF RANMGF OF ONE OF THF ARLATION PROPFRTY CURVF FTIT
1< WAS EXCEEDEN AT A TFMPFRATURE oF ,1PE12,5)
FRR2=1,0

GO0 TO 355

Ti=11+1

0 TO 21

TF(TX2(]I)=TKV(Ii=1)) 40,5550
TiIz11l=1

GO TO 20
YK(I)‘XKV(11—1)+((XKV(I])—XKV(II-I))/lTKV(Il)-TKV(Il 1M
1 (TX2(I)=TKV(T1~1))

GO TO 60

YK(T)=XKV(I1)

TIF(I2=1) 25,2561

IF(12=NCPV} 6216225
TF(TX2(1)=TCPV(I2)) 7n:R%,65
12=12+1

GO TO 61

TF(TX2(1)=TCPV(T2=1)) 75,R5,80
12=212=1

63

cooon
con1n

coo2n
con3sn
cooun
co0nsn
cooad
coo7n
CcOnAN
co09n
coinn
cni1n
coL2n
co13n
c01un
co15n
co16N0
co170
caian
co19n
co2nn
co21n
ca22n
co23n
cg2un
co2sn
co26n
co270
co28an
co29n
¢c03xn0
co31n
co32n
c033n
co3un
0350
co3an
co37n
CO3AN
co390
coupnon
couln
couzn

- cou3ln

coaun
cousn
cousn
cou7n
couan
couan
cos50n
cos10
cosan
Co530
co5un
COSKRN
€c0s6n
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OO0

0 TO 60
A0 cP(I)=CPV(I2=1)+((CPV{]I2)=CPV(I2«1))/(TCPV(I2)=TePV(I?2=1)))
1x(TX2(1)=TCPV(I2=1))
c0 TO 90
RS cP(1)=CPV(I2)
Q0 RrRHQO(I)=RHOV
GO TO 17u
100 TUL(IY=AMAXI(TUL(T)Y»TX2(TY)
TE(TUL(T)=TCHAR) 110,110,115
110 RHO(II=RHOV+ (RHOV=RHOC) » ((TUL(1)=TARL) /(TABL=TCHAR))
YK (1) =CHARK+( ABLK=CHARK) % { {(RHO (I)=RHOC) /7 (RHOV=RHOC))
CP({I)=CHARC+ (ABLC=CHARC) % ({ (RHO(T1)«=RHOC) / (RHOV=RHNC))
G0 TO 170
115 TF(VPT) 116+116,117
116 TTULCT)I=TUL(T)Y
GO TO 120
117 TTOL(T)=TX2(])
120 TF(I13=1) 2528121
121 TF(13=NKC) 122512225
122 TR(TTUL(LY=TKE(I3)) 124,1359123
123 13z213+1
a0 TO 121
124 TR(TTUL (D) =TKC(T3=1)) 125,135,13n
125 13z13-1
GO TO 12u
130 YRK(I)=XKC(IB= 1)+ ((XKC(IZ)=XKCIIZ=1))/(TKC(IS)=TKC(I3=1)))
1x(TTUL(I)=TKC(13=1))
a0 TO 140
135 yK(I)=XKC(IX)
140 TF(I4al) 25e2Rs3u41
1l TF(Tu=NCPC) 1u2s142925
142 TF(TTIL(I)=TCPC(IL)) 15n,165¢145
105 yuzIg+l
g0 TO 1ul
180 TR(TTUL(LIY=TCPClILu=1)) 155916K,1A0
185 tuzigetl
c0 TO 14v
1A0 cP(I)=CPC(ILa1)+((CPC(IL)=CPC(I14=1))/(TCPC(IW)=TCPC(Tu=1)))
1x(TTUL(T)=TCPC(TIu=1))
0 TO 166
165 cP(I)=CPC(14)
166 rRHO(IY=RHOC
170 CONTINUE

NFTERMINATION OF PROPFR RACK=IIP qHIFLN MATERIAL PROPERTY

nO 30N T=1/NMR '
NXB(I)I=XBM(T) /((XNPM{T)=i,0)%x12,0n)
LKP=NKPR(T)
IL.CP=NCPR(T)
NNzZNPM(T)
N 28n J=1eNiy
200 TF(15=1) 203,203,201
201 1F(15=LKP) 2022020203
202 TF(TX2T( Uy I1aTXK(IBeT)) 2n60220,205
203 wRITE(62204) T»TX2T (U1
204 FORMAT(1RN32H THF RANGE OF ONE OF THF NUMBFR »12971H BACKUP STRIIC

0570
cosan

cos9n
o600
co0610
co62n
c0630
co6un
cORSN
co6aN
co6e7rn
CO6AN
CO069n
co7Ton
co7in
¢072n
co73n
co7an
CO75n
co076n

Neihady

c07Aan
co79n
coRoN
cosain
COR2N
COR3N
¢coAun
CcOoasn
CORAN
CORTN
CORRN
€coR9n
coaon
c091n
c092n
¢093n
co9un
0950
C¢09aN
c0o7n.
€098N

co9on

c1onn
c1nyn
c1020
cin3n
cifun
C1n8n
cl1o06n
c107n
cinan
cioon
ei100
e1110
cii2n
c113n
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;TURF PROPFRTY CURVE FITS WAS FXCFEDFD AT A TEMPFRATURF OF »1PFi2.5 fliun
2)

ci15n

FRR2=1,.0 clisn

G0 TO 35% c117n

2N5S 15215+1 ciian
c0 T 201 ¢119n

206 TF(TX2T(JrI)=TXK(IH=1,1)) 210,22n9215 ci2on
210 15z15-1 c1210
G0 TO 200 €122n

215 XKRUIJs IIZXK(IR=l,, T)+( (XK (TS5 )=XK(IBa1,,I1)) /(TXK(TS» 1) aTXK(IRe1sT)) c123n
1) (TXOT{UeI)=TXK{I5=1,1)) ci2un

0 YO 230 €¢125n

220 XKB(J,I)=XK(I®,I) ci2en
220 TF(I6=1) 203,203,231 ci27n
231 1F(16-LCP) 23292329203 c12a0
232 TF(TX2T(UsI)=TCP(T6:T)) 2% 22U5,233 c129n
233 16=16+1 ci3on
G0 TO 231 r1310

234 TF(TX2T(Us I)=TCP(I6=191)) 235,2u8,240 c132n
235 16zl6-1 1330
a0 Y0 23u c13un

260 CPRUJyIISCPX(T6=1 s 1)+ ((CPYX(16s11alPX(YT6=1:1)1)/(TCP(1A,I1)aTCP(T6~1, Cc135n0
1T R(TX2T(Je V) =TCP(16=1,T)) c1360

0 TO 280 - c137n

2u5 cPB(J»1)=CPX(T601) c13an
280 CONTINUF c139n
18=2 ciuon
16=2 ciugn

3An0 CONTINUF ciu2zn
310 TF(DMP) 355,355,320 cla3n
320 wRITE(60330) cluyn
330 FORMAT(/1X»324 PROPERTIFS OF ABLATION MATFRYAL/) cL45n
WwRITE(60335) cluan

335 FORMAT(/5XeSHYK(IV) pOXsBHCP(I)y9X,6HRHO(T)/) . ciu7n
WwRITE(6,340) (YK(TI)eCP(T)sRHO(I), I=1,NP) ciuan

300 FORMAT(2X»1PF12.502X,1PF12.5,2X91PEL12,5) cluon
WRITE(692345) cisan

3u5 FORMAT(//71Xs32H PROPERTIFS OF BACK=UP STRUCTURE/) cis10
WRITE(623U7) ci152n

347 FORMAT(/BXeBHYKR{UJrI) p TXsRHCPR(J, 1) 9 7Y »BHRHOBX(T) o 7X, 7HFMFB(TY 0 RY c153n
17HEMBR(T) ¢ 9X,aHDXR(T) /) ci1Sun

nNo 350 Ix1)NuR ci158n

kKl =NPM(T) ci860

NO 349 J=1,KL ci87n
WRITE(693u8) YKR(JyT1),CPRIJIT)sRHOBX(T) +FMFR(T)»FMBR(T)NXBI(T) C158N0

3UB FORMAT(AX s 1PF12,5¢3X,1PE12.5+3Xs1PEL12,.5¢3X21PF12,5¢3X,1PF12.5,3%,1 c189n
1PF12.5) . ci600
3u9 CONTINUE c161n
350 CONTINUE c162n
385 RFTURN c163n

FND cleun
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THIS SURROUTIME DETERMINFS THF MASS FLOW RATF FROM THF
ABLATING NONES '
SUBROUTINF AR1 ATF

NIMENSION TITLE(12) sHFADNG(12) o XTDONT(12,12) 9 TKC(20) o XKC(P0)
1cPC(20)» TKV(20) o XKV(20) » TCPV(20) . CPV(20), TIME(300) +QCON{3NO0),
2ARAD(300) o VEL (300) o XNPM(12) ¢+NKPR(12) s NCPR{12)»TXK(20,12),XK(20,12)
3.TCP(20+12)9CPX(20012))RHOBX(12),%XBM(12),EMFB(12)/,EMBR(12)/HXX(12)
4,CAPX(12) FTEST(12)yRTEST(12) ,TEMDI(200),TX1(200)»TX2(200)
S5TX2T(10012)»TUL1(200) p TN 2(200) o HX(50) s TW(50) 4 IR(S0), IR (50),
GETR2(5M) »TULIRN) » IEM(RN) o TY(200)9AL200)4B(200),C(200),N(20N),
TRI50) yRHO(S0) ,CP(50),DXP(12) s XKB(10+12),CPB(1N0,12),XMNG(50)
BYK(S50),AB(10,12).,RB(10,12),CR(10,12),DB(10.,12),SR(10,12),
9RR1(1N+12)9RR2(10¢12),H(12)sS(50)NPM(12)

NIMENSION TTUL (50) sRHOY 1 (50) »RHOY2(50) »DRHO(EN) » TCPC(20)

COMMON TKCoXKCr TCPCrCPC,y TV XKV TCPVCPV, XNPM:RHORX » XRMy FMBR,
1FMFBoNKPEyNCPRy TXK s XK » TCP o CPX s NPMe GAPX s FTEFSToRTESTy TEMDT , TX1
2TX2, TYX2T»TUL, TUL1o TUL?2s TRIIR1L,IR2¢AeB,sCoNeSsRIAR,RByCRyDRy SR,
3RPIORRZOTYPRHOY1pRHOY?OansoRHOOCPOYKvXKROCPBoDXHDDToYLOCTD
UTABL s TCHARY TRECoRHOV,RHOC FRLOWsFMVoEMC o HI0N o NKC,NCPCyNKVNCPV,
SNP o NMRyNEPBS)yNPF o TESTD, TEMPI o TX0 o TENV e HENVIFFNVo QLOSS, TLIMy TINT

COMMON T1/+o12,730TU 018,16, 0ININT DXoXMT»TL VL sBL,DMP,FRRYERR?»
1FRRIZFRRUyHV ,,VPT, CHARK ¢ CHARC , ABLK ¢ ARLC » XMDE o M

XxMT=g0,0

LINT=TNT

K JT=NP

1F(DMP) #4983

WRITE(6+5)

FORMAT (/71X 20HMASS FLOW FROM ABLATING NODES//)
NO 200 KKISLINT)NP

TFIIRT(KI)) 11911,12

TF(TX1(K1).LF,TABL) 50 T0 9 .

TULIT(KII=AMAXS (TULL(KY) o TYI(KT)})

TRi(KI)=1

c0 TO 20

TF(TX1(KL[)=TARL) 10+,10420

KHOY1 (KT )=RHOV - o
c0 TO 50

TF(TULL(KT)=TCHAR) 4n,30,30

RHOY1 (K1) =RHOC

GO TO S0

RHOY1 (KT ) =RHOV+ (RHOVARHOCI* ({TUL1 (KT)=TARl )/ (TAR} =TCHAR))
TF(IR2(Ki)) 52¢52954

IF(TX2(KIYLE,TABL) GO TO 56
TUL2(KII=AMAXT(TUL2{KT) »TX2(KT))

IR2(KT)=1

60 TO 70

TFITX2(K1)Y=TARL) 603480, 7n

RMHOY2 (KT )=RHOV

O TO 95

TF(TUL2(KTI)=TCHAR}) 9n,80,R0

RHOY2(K1)=RHocC

a0 TO 95

RHOY2 (KT ) =RHOV+4 (RHOV&RHOC)I % ( {TUL2(KI)=TARL )/ (TABL=TCHAR))

nooan
neoin
noo2n
noo3n
nooan
NONSN
nonsn
DonTn
nooan
nonon
poton
notin
noian
no1an
notan
roLson
noien
no1Tn
noian
noion
no2oon
no21n
noe2an
no23n
no2un
no2sn
no2en
no27n
no2an
no29n
DOo3on
no31n
NoX2n
NO33n
NO3un
NO3Sn
NO3RN
no37n
nosan
noO39n
noacn
noaan
nog2n
nou3n
nosun
NO4KN
nouan
nourn
nouan
nouan
nosann
Nosin
nosa2n
nos3an
nosun
nOssSn
nosen
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95 NRHO(KI)=( (RHOY1 (KI)=RHOY2(KT))/NT)*DX nos7n
TF(KI=NP) 97,96,96 NOSAN

96 NRHO(KI)=NRHO(KI) /2.1 no59n
G0 TO 98 no6on

97 TF(KI=-INT) 96,96,98 no61N
98 1F(DRHO(KTI)) 110,120,120 no62N
110 NPRHO(KI)=0.0 nO63N
120 XMT=XMT+URHO(K]I) no6un
XMDG (K I )=XMT no65N
T1F(DMP) 190,190,150 PO66N

150 WRITE(6+160) YMDG(KT),DRHA(KT),RHOY2(KI) ,RHOY1 (KT) no67n
160 FORMAT(1X,5HXMDG=,1PF12, s.ax.sHDRHo-.1PF12.%.9x.sHRHovz s 1PF12.5,2 NO6AN
1% s 6HRHOY1=, 1PF12,5) no69n
100 KI=KIe1 no7on
200 CONTINUF nOT10
RF TURN noT2n

FND no73n



68

$
C
c
c
c
C

IBFTC oxiD
THIS SURROUTINE CALCUILLATFS THF HFATING RATE DUE T0O COMBUSTION
TT IS ASSUMED THAT OXYGEN AND CARBON REACY TO FoRM CO ONLY,
QURROUTINF OXTDAT (XMNDO,QOXID)
QAOXTID=XMLO*XLAN0, 0/ 3600, 0
A0X1ID=0,0
RFTURN
FND

Fo0nn
FOO1N
F0020
F003n
Fooun
FOnSn
FON&N
Fo07n
Fo0an
F0090
FO10N



éIBFTC SwUFT

c

ino

250
20

270

275
ano

THIS SURKOUTINE DFTFRMINFS THF FORWARN TIME STFP TEMPFRATURFS
RY SOLVING THF TRI=DIAGONAL MATRTYX

QURBROUTINFE SWUFT(ARR,CoN,ToeN,NMP)

NIMENSION A{2n0),R(200),C(200):D(200),T(200),CPI200),NP(2N0)
cP1)Y=C(1)Y/R{1)

PPL1)=D(1)Y/R (1)

NO 10n 1=29N

CPIII=CULY/(R(II=A(TY*CP(T=1))

PPN =a DI *DP(1=1) ) /(R(T)=A(I)%CP(T=1))

CONT INUE

TIN)I=DP(N)

NMI=N-]

NO 200 J=1 2 Nmt

1=N=J

TIDIZNPI)=CP(II*T(T4+1)

CONT INUF

TF(DMP) 300,300,250

wRITE(6+260)

FORMAT(//71XouSHCOFFFICIFENTS CALCULATED Ry SURROUTINF <wWUFT//)
wRITE(60,270)

FORMAT (EXyBSHCP(T) o 10X, 5HNP (I y 10X 4HT(I) /)

WRITE(60275) (CP(T)snP(1)sT(IYoI=1,N)

FORMAT(2X s 1PE12,5¢2X,1PF12.5,PXy1PE12.5)

RFTURN ’

£ND

65

Fonon
Faoln

Foo2n
FOO3N
Fo0unNn
FOOSN
FOOAN
FOOT70
Foosn
cgooan
Fo10n
Fo1in
Fo12n
FO13n
Fotun
FOL18N
FO1AN
FO17n
F018n
FO19n
Fo2an
F0210
Fp22n
023N
FOo24n
F025n
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éIHFTC REC

C THIS SURROUTINE DFTERMINES THF FRONT FACF LOCATTION AND CHAR MASS
C RFMOVAL RATFE

c

SUBROUTINF RFCESSIXMNC o X| OSToTRECIDToRHOC» TSe SR TX29NREC , NRS,FRRR
12X0 s SNOT s NMP)

NIMENSION TS(=0),SR(s0)
TF(TX2=TRFC) 10,20020
10 xMDC=n,0
XL 0ST=0,.0
<NOT=n,0
cO 70 60
20 TF(NRS=1)25,28,21
21 TF(NRS=NKFC) 2292225
22 TF(TX2=TS(NRSY) 32:40,30
25 wPITE(602A) TX2
26 FORMAT(1HN,75H THE RANGF OF THE QURFACE RFCFESSION TARI E wAS FXCEFD
1¢FD AT A TFMPERATURE OF »1PE12,5)
FPRS=1,0
GO TO 60 -
20 NRS=NRS+1
G0 T0 21
R2 TF(TX2=TS(NRS=1)) 34,u0,34
I NRS=NRS=1
G0 TO 20 .
36 SX=SRINRS=1)4+( (SRINRG)=SR(NRS=1))/(TS(NRG) =TS (NRG=1)))
1% (TX2=TS(NRS=1))
<0 TO 50

ud SX=SR(NRS)

&0 x| OST=300,0xgY*xDY
XMDC= (XLOST%RWOC) /DT
cNOT=SX%300,0
TF(DMP) 60¢60,52 .
52 WRITE(6058) QY XLOST, YMNC
R4 FORMAT{1HO» BHSXS, IPE 125 3X 0 6HXLOST= o 1PFE12: 5, AN SHXMDCE»1PE12,5)
A0 RFTURN
FND

Gonnn
Gon61N
LD
G003N
GO0un
L
60060
c007n
¢008n
6G0Non
c010n
¢011n
¢012n
G013n
GO14n
G018n
60160
ao1L7n
GO1AN
G019n
G0200
G021n
Go22n
60230
c0240
602580
GO26N
60270
G0280
@029n
Go3an
GOXLN
60320
G033n
60340
GO3SN
GO3AN
037N
G03A’N



$
c
C
c

IBFTC TEMP
THIS SURKOUTTNE DFTERMINFS THF INITIAL TFMPFRATURF DISTRTIRUTIAN
IN THF HEAT SHIFLD STRUCTURF
SURROUTINF TEMPD )

1n0

1=0

185
1s0

200

220

NDYMENSION TITIE(12) oHFANNG(12) o XTIDNT(12,12) 2 TKC(20) s XKC(20)
1CPCL20) » TKV(2N) s XKV (20) , TCPV(20),CPV(20) . TIME(30N) »QCONI3N0) ,
20RAN(I0N) ¢ VEL(300) o XNPM(12) o NKPR(12) o NCPR(12)yTXK(20,12),XK(20s12)
Z3,TCP(20012)oCPX{20012) ¢ RHOBX(12),XBM(12),FMFB(12)/sEMBR(12) ,HXX(12)
4,GAPX(12)FTEST(12) yRTEST(12),TEMDI(200),TX1(200),TX2(200),
STY2T(10012) ¢ TULL1(200) , Tth 2(200) s HX (S0 o TW(50) , IR(KC), TR1(50),
6TRZ(S5N) v TULIRN) s IFMIRN) , TY(20N)»A(200)»B(200),C(200),N(20NM),
TRI50) yRHO(S0) +CP(50) ,NXR(12) s XKR(10012),CPB(10+12) s XMNGI(KN)
RYK(501,AH(10,12),RB{1N,12)/,CR(10,12),NB(1N,12),SR(10,12),
ORPI(1Ns12)¢RR2{1N,12),H(12),S(50),NPM(12)

NIMENSION TTit (50) »RHOYL(R0) 4RHOY2(50) yDRHO(SN) »TCPC(20)

COMMON TKC s XKCrTCPC+CPC, TRV XKV, TCPV,CPV, XNPM,RHOARX » XRMy» FMBR,
1EMFBINKPH oNCPRITXK ¢ XK » TCP o CPX o NPMe GAPX »FTEST RTFST» TEMDT, TX1,
PTX2p TY2T s TULTULL» TUL2» IR IRI,IR2,AsByCoNeSeRyAR,BBsCR¢DR¢SB,
IRRLIIRR21TYRHNYI  RHOY2 » XMNGrRHO»CP 2 YK o XKRyCPRB,DXRH DT, YLOST
LUTARL ¢y TCHAR» TRFCrRHOV ,RHOC o FBLOWFMVIEMC o HX0N s NKC ,NCPC ¢ NKV e NCPV
ENP o NMR yNFRS s NPF ¢ TFSTo s TEMP I o TXO » TENV) HENV s FENV O OSS, TLIM, TINT

COMMON Y1,12,13974,1I5,16,0IN,INT,DXoXMTeTL VL sBL,NMP,FRR1,ERRD,
1FRRIFRRYU»HV , VPT , CHARK y CHARC » ABLK » ARLC o XMNC o H

X=N,0

TF(TEST?2) 300,100,200
no 150 L=1NPF
TXL(L)=TEMPY
IX2(LY=STEMPT
TULT(L ) =TX1 (LY
TUHL2(L)Y=TX2(L )
TEMDI (L) =TEMPY
CONTINUF

nNO 16N T=1sNmR
JNZNPM(T)

Nno 1585 Mzt JN
TX2T (M, 1) =TENPI

CONT [NUF

CONTINUE

a0 TO 32u

no 22n L=1NP
TEMDI(LYSTX0+( {TENVaTXD)Y /TL ) x%X
TXI(LISTEMDI (1 )
TX2(LY=TX1 (L)
TULI (L)Y =1X2 (L)Y
TUL2(L)=TX (L)

X=X4+DY

CONT INUFE

L =NP+1

NnO 270 1x=1eNuR
KJ=NPM(T)

DO 280 Jz=1.Ky ,
TEFMDI(LI=TXO0+ ((TENV=TY() /TL ) %X
TX3(LIY=TEMDY (1)
TYX2(LY=TEMDI (L)

11

HOONNO
HAOY O

HOO2N
0030
HoOun
HOOSN
HMOORN
HO0T7N
HO0AN
HO0090
Hoton
HO11N
HO12n
H0130
HO140
HO180
HO1AN
HOT 7N
HO18N
HO19Nn
HO200
HO210
HN22N
HO23N
HO24n
HO2580
HO26N
HO27N
HO28N
HO29N0
HOXAN
HO31N
HORON
HO3Z3N
HO3un
HOXSN
HO3AN
HO37N
HO3ZR/D
HO39n
HOLON
HOou1n
HOusN
Hou3N
mouun
HOUSN
HOLAN
HO4U7n
HOUAN
HOU9N
HOS0N
HOS1N
HOB2N
HOS3n
HoSLN
HOS8N
HORRN
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TX2T(Je 1) =TEMNI (L)
X=X+D¥B (1)
=L+
250 CONTINUF
X=X+ {GAPX (1) /12, 0)
270 CONTINUF

G0 TO 321
c AN ARRRITARY TEMPFRATIIRF DISTRIPUTION CAN BF REAN IN FROM INPUT
C NATA IF TEST2 IS A NFGATTIVE NUMBFR

300 wRPITE(6+310)

310 FORMAT(IHO»79H THF VALUF 0F TFST2 WAS NFGATIVF, QUBROUTINF TEMPD S
1HOULD NOT HAVF BEFN CALLFN,)
FRR1=1,0

320 RFTURN
FND

HOS 7
HO%AN

HOR90
HO&0ON
o610
HO620
HO63N
HOGUN
HO65N
HO66N
HOARTN
HOKAN
HO60N
HOTONO
0710



13

$IBFTC NON2 10000
C THIS SURKOUTINE OFTFRMINFS THFE TEMPERATURF OF POINTS 8 FIYED 10NN
o NISTANCE FROM A RFFERFNCF PLANE FROM THE TEMPFRATURES CALCULATED 10020
C IN A VARYING THICKNFGS 10030
C 10040
SHBROUTINF DaoM2(XLOSTy XARRAY s TARRAY ¢ NA s XNODE s TEMP » XNONEV , KK » X1 STV, TONKN

inx) 10060

C 10070
NIMENSION XARRAY(50), TARRAY (50) s XNODE(SN) , TEMP(5n) ¢ XNODFV(50) T008RN

C 1009n
K=0 10100
PXT=0,0 T011n

no o100 I=1.NA 1012n
TFIXLSTV.LE.PYXT) 60 T0O 1isn 013N

KTK+1 10140

100 NXT=DXT+DY 10185n
150 kKa=NA=K T016N
xK =K 10170
XNODEV (1) =XLSTV 1018n
TFMP(1)=TARRAY (1) vaion

NO 200 I=1:KK 10200

YNODE (1) =XK®DX=XLSTV 7021in

CALL NISCTI(XNODE (I),XARRAY sTARRAY NA,TEMP(T+1) ) 1022n
¥NODEV(I+1)=xkxDx 10623N

200 XK=XK+1,0 Yo2un
rFTURN 102%n

FND T026n



T4

$IBFTC UINTRP

10

20

30

uo

SUBROUTINF UINTRP(X s XTBL Y+ YTRLINsJ)
NIMENGION XTRL (50)»YTRL(®N)

1=J ’
TF(I.6TaNORT.LT.2) 122
TEUXTRLUI=1} ,LEJXANN X, LFXTRLIT)) GO Tn 40
TE(X.GTXTBL(T)) GO TO 3n

T=1=1

IF(1.,6E.2) GO TO 10

=2

a0 TO 40

T=I+1

TF(I.LE.N)Y GO TO 10

=N
FRACT=(X=XTBL tI=1) )} /(XTRL(I)=XTRL(I=1))
Yy=YTBL(I=1)+(YTRL(I)=YTRBL (I=1))%FRACT
RFTURN

FND

Jonnn
Jooin
Jo020
J0030
Jooun
JONSN
JOO&KN
Joo7Tn
Jonan
Jonon
Joiann
Jotin
Joian
J013n
Jotan
JO150
JOYAN
Jogrn



$SIBFTC YSOT

SUBROUTINF ISOTHMIDEPTH, TFMP,ROND»N» ANS)

NIMENSION DFPTH(1)»TEMP (1)

ANGZ=-1,

K=N=1

NnO 100 1=1¢K

TF(TEMP(1)=BOND)2el1¢3

1 ANSSDFPTH(I)

G0 TO 100
2 TF(TEMP(I41)=RONDYILION, 10N 4
4 ANSTDFPTH(I+1)=(TFMP(T+1)=BONN) % (DEPTH(I4+1)=DEPTH(I)) /(TEMP(T4))

1TEMP(T)) ’

G0 TO 100
3 TF(TEMP(I41)=-ROND)ISe1n0,100
5 ANSZ(TEMP (I)=ROND)*(DFPTH(I+1)=DFPTH(T)} ) /{TFMP(1)=TEMP(141))+NEPTH

1N

100 CONTINUF
TF (RONDEQTEMP(N) ) ANSEDFEPTH(N)
RFTURN
FND

5

x0000
K001NO
K002n
K0N30n
Kooun
K005n
KO0ARN
Koorn
K00AN
Ko09n
®o1nn
K01in
K0120
K013n
Koian
K0180
K016
®0170
w0180
K019n0
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$IBFTC SAVE _ , Looon
SUBROUTINF SAVE(SAVE 1y SAVF2sSAVERIUSE NX1,VALUE s DT TFINAL s TIMF» L0010
1THING) : : : 1. 0020
DIMENSION SAVEL1{1):SAVE2(1)+SAVER(1) .0O3N
USE=0,0 1L 00an
GAVE L (NX1)=VALUE Lonsn
NX2ZNX1=1 “LonGN
TF(NX2,FQ,0INY2=] L.oO7N
CAVE2 (NX2)=VAl UE Lonsn
NX3ZNX2=-1 t 0non
TF(NX3,FQ,0INY3=3 10100
GAVF3I(NX3)=VA| UF t011n
TF({TTME L T.(2.,%DT)),0R, (TIMF ,GF, (TFINAL=3,%DT)) )60 TO 4 Lo12n
GO TO (1:203),NX1 ‘ 10130

1 TFU((ABS(SAVF2(1)=SAYF2(2)))E,.001),0R, (ARS{SAVE2(2)=SAVE2(})) L01an
1.1 E..N01))6G0 TO & LOISN
TFIC(SAVE2 (1) LT, SAVFO(2) ) AND, (GAVF2(2) 6T, SAVFD(3))),0R. ({SAVFS{( 1 01A0
11'. T,SAVF2(2)),AND, (SAVF2(2) ,LT,SAVE2(3)) ) IUSE=GAVE2(2) ' Lo17n
5 THING=SAVF2(2) LO1AN
a0 TO 4 10t19n

2 TFL((ABS(SAVER(1)=SAVF3(2)))LE,, 001),0R, (ARG(SAVE3I(2)=SAVES(3)) L0200

1.,1F,.001)160 TO 6 Lo21n
TFCC(SAVER(]) LT, SAVF3(2))AND, (SAVE3(2),GT,SAVF3(3))) . 0R, ((SAVFx( 1.o22n0

11) 6T ,SAVF3(2)1) ,AND,, (RAVFR(2) LT, SAVER (X)) ) YUSES=GAVF3(2) 1L023N
6 THING=SAVF3(2) ’ Lo24n
G0 YO 4 1.0280
3 TF(((ABS(SAVF1(1)=SAVF1(2))) .1 E,,001),0R, (ABS{SAVFL(2}=SAVEL(3)) L0260
1.1E.eN01))GO TO 6 . Lo270
TF(((SAVEL1 (1) LT, SAVF1({2))AND, (SAVEL(2) , 6T, SAVE1(3))) . OR, ( (SAVF1 ( LO28aN0
11)Y.6GT,SAVFL1(2Y) ,AND, (SAVF1(2) LT, SAVEL (X)) ) IUSESCAVE1(2) Lo29n
7 THING=SAVF1(2) 10300
4 NY1=SNX1+1 to3tn
TF(INX1.FQ . 4INYL=Z] L0320
RFTURN LO33N

FND LO3un



$IBFTC DISCT3 .
CUBROUTINFE DISCTA(XA, TABYX oT-ABYuNY' ANS)
DIMENSION TABX(1)sTARY(1)

CALL NISSFRIXATARX»19NY,2¢NN)

NMNZ=3

CALL LAGHRAN(XA,TARX(NN) »TABY (NN),NNN,y ANS)
RFTURN

FND

17

“annn
~MO0n1n
MO02N0
MOnN3N
MOnNun
Moasn
MO06N
MO070



18

SIBFTC MORE

R0

i0

20

uQ
1000

1001

1002 FORMAT(///6H YMAXSFIN UoSH YMISFI0.4oFH YM2SF10,805H YMEI=F10,0054

50
1003

NIMENSION TITtE(12)axlznnn)aYl(znOO)oYZ(?oon).Y!(?ODO\nYu(znnn)
RFWIND 11

RFAD(11) (TITLE(I)»I=1,12)
REFAD(11YX(1)eY2(2)eY201), YS(l)oYull)
YI(1)=Y3(1)%12,+Y1 (1)

YU (1)=YL(1)%12,+Y1 (1)

=2

READ (11X (1) o YI(I)»Y2(I)Y Y3(TYoYul])
TF(X(T)=5001,110,20/20
YI(I)=Y3(1)*%12.+Y1 (D)
YU{TI)=YL(T)%12,+Y1(1)

=1+1

¢0 TO 30

NPLOT=]=1

YyMi1ZY1I(1)

ymMazyo2(l)

YM3zZYR(1)

ymMazyu(l)

no 40 K = 2 o NPLOT

P (Y1(K),6T,YM1) YMy = v1(K)
TF (Y2(K),6T, YM2) YM> = Y2(K)
TF (Y3(K),6T,YM3) YM3 = vy3{K)
1F (Yu(K),6T YMU4) YMy = yvu(K)

CONT INUE

EORMAT (1M1, (12A6))

CALL ACCEND(X,Y1,Y2rY3,Yu ,NPLOT)

XMAX=X (NFLOT)

CALL APLOT (X2Y1sXMAX,YM1 2 TITLF,NPLOT)
CALL RPLOT (XsY2,XMAX,YM2,TITLE)

CALL CPLOT (X oY3sYUeXMAX,YMI,YMU,TITLF,Y1)
wRITE(6¢1N00)(TITLE(T)»I=1+12)
WRITE(E6o10011 (XTI YICI)oY2(T)eYX(I)oYU(T)> I- sNPLOT)
FORMAT(S5E20.8) .
wPITE(bleO?)YMAX.YMlpYM?vYMB.YMuoNPLOT

1YMUSF 10,4 92X6HNPLOT=10)

RFAD (11) (TITLE (I),T = 1,12)

READ (119X (1) oY1 (1Yo Y2(1),¥Y3(1)pYull)
1=2

TFI(X(1)=5001,)30,50,50

WRITE(6+1003) (TITLE(T)s121+12)
FORMAT(////1216)

RETURN

£ND

NONON
NpO1LN
NOO20
NOO 30
NOOuN
NOOSN
NOOAN
NDO7N
NoGsn
NDN9N
Mo100
nN0110
NO120
MD130
NOfun
NO1SA
ND16N
ND170
NDi1AN
No19n
NO20N
NB210
nNg22n
NO230
nNO2a0
N026n
ND26N
NO270
NO2AN
ND29N
NO3NN
NO31N
NOe32n
NO33n
NO3un
NO3SA
NO3sN
NO37n
NO3Aan
NORO9N
NO4on
NO4Ln

"NOuon

NOL 3N
NO4aO



$IBFTC ACCEN

101

ing

QURROUTINF ACCEND(XeYsApRiCoN)Y
NIMENSION X{1),Y(1)rAa(3),R11)sC(Y)
K=1

GMALL=X (K )

NO 100 I=KyN

nUMY=X(1)
SMALL=AMINI] (SMALL +DUMY)
TE(SMALL .FQ,X(I))INNFX=T
CONTINUE

X (INDFX)=X(K)

X (K)=CMALL

QAVE=Y({K)

Y{K)IZSY(INDEX)

vy { INDFX)=SAVE

QAVFA=A(K)

ALK)=A(INDEX)
ACINDFX)=SAVFA

CAVEB=B (k)

R(K)I=R(INDEX)
R{INDFX)=SAVER
QAVEC=C(K)

CK)I=CCINDEX)
CUINDFX)=SAVEC

K=K+1

TF(K.FQ,N)RETIIRN

c0 YO 101

FND

79

poann
POOLN

pon2n
PODXN
PO0LO
Po0SN
PONARN
PODIN
PONAN
POOON
PO1ON
POLtLN
potan
PO13N
POtun
PO15N
PO1AN
POt TN
PO1An
PO19N
po2n0
PO210 -
PD22n
PO230
PO24n
PO2%N
PO26&N
PO27n0
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SIBFT

10
30
1000

20

4o

50

60

C ApLOT

QUBROUTINF APLOT (XeveXLTMsYLTIM,TITLE,IPI OT)
DIMENSION X{300), YTITLE(1N) o XTITLE(10)

NYMFNSION TITLE(12)eY(300)+sALONGY(7)

COMMON /ARC 7/ ALLOW(7) ;AL ONGX(7),NPLOT»ZFRO,XMAX,TFIX
NATA (XTITLE(T)eI=1s10) /73RN TIME (SEC,) /
NATA (YTITLE(1)eI=191Nn)/3RH SURFACE RFCFSSION (IN,) /
7FRO=0,0

ALLOW(1)=%0,

ALLOW(2)=100,

ALLOW(3)=250,

ALLOW(4)=500,

ALLOW(5)=1000,

ALLOW(6)Y=2500,

AL LOW(7)=%000,

NPLOT=IPLOT

no 10 I=1.7

11=1

TF(XLTM= ALLOW(I)) 20,20,10

CONT INUF

WRITE (6,1000) XLIMpvL IM

EORMAT(//7/77H APLOT CANNOT BF DONF RECAUGF FITHFR XLIM FXCEFDFD &0
1nn, OR YLIM FXCEEDED &, /AH XLIM=F12,595Xs6H YLIMZEL12,.5 // 19H WF
2NOW GO TO BPLOT /77 )

REFTURN

xMAX= ALLOW(TIT)

JFIX=T]

NO up I=i,4

1I=)

TF(YLTM =100, «=ALLOW(T) )YR0,S50l40

CONT INUF

0 TO 30

YMAX =ALLOWI(TY) /100,

cALL RSTFRM

CALL GRIDGN (123,1023,24,924,18,18:595)

CALL PLOTY (1,10,2ZFRO,XMAX,ZERO»YMAXe X, YeNPLOT»1s1H/)
al ONGX(1)20,0

ALl ONGY(1)=20,0

o &0 I=1+6

CALL LABRELX (ALONGX(T)e 1)

CALL LABELY (2LONGY(T)s1)

ALONGX(T4+1)= BALONGX{T) +.,2% XMAX

AL ONGY(I+1)= BLONGY(I) +,2% YMAX

CALL PRINT(20N+975912,0,3R:XTTITLF)

CALL PRINT(47,200+0012¢38,YTITLF)

CALL PRINT(12301000012s0,72eTTTLF) .

CALL NMPBUF

RFTURN

END

000N
Q0010
002N
003N
nooun
NOOSN
N00ARN
naoTn
000AN
nonon
00100
nNIINn
a0i2n
0130
Nntun
0015n
001AN
QAao17N
Qao18n
0no19n
00200

- 00210

0an22n
00230
0240
Q0250
00260
np27n0
00280
00290
00300
00310
00320
0033n
Q034N
Q035N
N036N
Q037N
00380
Q0390
Anuan

.Q041n

a042n
Qa043n
Q0440
A0usn
NouAN
/0470
QouLAan



$SIBFTC RPLOY

10
1u0n0

20

30

SUBROUTINE RPLOT (XoYeXLIMeYLIM,TITLE)

DIMENSION X{300),Y(3n0),YTITLF(10n) ALONGY(T7),¥XTITLE(1N)
NDIMENSION TITLE(12)

COMMON /ARC / ALLOW(T7) o ALONGX(7),NPLOT»ZFROyXMAX,IFIX

DATA (XTITLE(T)eI=1,10)/3RH TIME (SEC,)
NATA (YTITLE(T)»1=1910)/3RH RONDL INFE TEMPERATURFE (R}
ALONGY(1)=0,0

NO 10 I=1,7

T1=1

TF(YLTM =ALLOW(I)) 2ns20,10

CONTINUF

WRITE (6+1000) YLIM

FORMAT(///7 37H PPLOT wILL NOT BF DONE BECAUSF YLIM= E12.,% ////)
RFTURN

YMAX =ALLOWI(TITY)

CALL RSTFRM

CALL GRIDGN(123,1023,24,92401R,1R15+¢5 )

CALL PLOT1 (1,19y2ERO,XMAX ,ZERD:YMAXeXyYs NPLOT»1, 1M/ )

NO 30 I=1,6

CALL LARELX (ALONGX(T)/y1)

CALL LABELY (ALONGY(T)1)

AL ONGY(TI+1) = ALONGY(T1) + 2% YMAX

CALL PRINT (2000975512, 093ReXTITLF)

CALL PRINT(U7,20000912¢3R:YTITLE)

CALL PRINT(123,100001200,72¢TITLF)

CALL DMPHUF

RFTURN

FND
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ROONN
rOOLN

rRON2N
ROOB3N
ROOLO
ROOSN
PGORN
ROO7N
ROOAN
rONON
RrRO10ON
rRO11N
rO12n
RO1L3N
ROTUN
RO1ISN
RO16N
RO170
RO1AN
rRO19N
RO20N
RO21n
RO22N
rRO230
R024N0
RO2%N
rRO26N
RO270
RrRO280
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$IBFTC CPLOT ) :
SUBROUTINF CPIOT (XoeY1oY2oXLIMoYL IMI,YLIMP,TITLF, Y)

C *®%x

7

1000 FORMAY (/// 38H CPLOT WILL NOT RF DONF RFCALISF YL IMI=F12,5,10nH OR

6

70

10

RS
Ré

20

NIMENSION X(3n0),Y1(3n0),Y2(300),YTITLE(10),YY(2000),XTITLE(1N)

NIMENSION TITIE(12)eY(30
NIMENSION CURVE (1) VRUG(

0)s ALONGY (7)
u) P HRUIGLT)

COMMON /ARC /s ALLOWUT7) ¢ ALONGX(T) NPLOT s 2FRO ¢ XMAX, TFTX

NATA (VBUG(T),I=1s4) 7 4

nﬂ.OoSO.nOZO.ﬂoJOQO /

NATA (HRUG(T) IZ=1+7) /7 1.002.0:5,0010,0+s20.0,50.nv100.0 /

NATA (XTITLE(T)sI=1e1n)/
DATA (YTAiTLF(T)eI=1y1Nn)/
DATA ONF/uH1ne0 /»TWo/uH
NATA WON/1HY /»T0OO0/ 142
FOUR (4) CHARACTERS ARE
CURVE (1)=O0ONE
HFACTR=HBUG(TFIX)

SYMROL =WON

YRIG =—AMAX1 (YLIM1YLTM?
NCURVF =1 ‘
NO 1 1=1NPLOT

vyY(I)= Y1(]1)

noe 7 1=t

11= 1

TIFIYBTG*100, ~ALLOW(T))®
CONT INUE

WRITE (6,1000) YLIML,YLI

1vlLIM2= FE12.5 2777 )
RFTURN

YMAX =alLLOW (TI)/100,
vEFACTR=VBHIG(IT)

CALL RSTFRM

Akl GRTIUGN (123,1023,24
J=1

nO 10 ISUWNPLNT

11= 1

Il =T=1

1FC YY(1)=Y(1) Y20e1n,1D
CONT INUF

NOPTZNPLOT~J+1

Lt =J + NOPT/2
TVLOC(YMAX=YY(LL))%*1R, %
THLOC= X(LL)Y%18, /HFACTR
CALL PRINT(IHLOC, IVLOC,

CALL PLOT1(1,1¢ZERO»XMAX,Z7ERO s YMAX s X () pYY (J) s NOPT

1F (NCURVF~1 ) 90,85,90
N0 Re I=1/NPILNT
YY(1)=Y2(1)

CURVE (1)=TWO

SYMROL=TOO

NCURVYE = 2

J=i

<O YO0 70

NPTZ] T=J

ti=d + NPT/2
TVLOC=(YMAX=YY(LL))*%1R, %
THLOC= X(LLY+18, /HFACTR
CALL PRINT(ImMt OC, IVLOC

3’H

3AH NISTANCE (IN,)
1460 /

/

ALLOWFD FOR CURVF (1)

)

N X4

N2

+Q24,18v180¢5,5)

vFACTR +244 =4,
+1232, —u8,
A0 r4, CHRVE)

VFACTR 424, =4,
"'1?30 —UB.
Re00sl, CURVE?

TIME (SEC,)

+ 1, SYMBOL)

Sonon
Sonyn
sgnzn
<003n
conun
cansn
sonen’
<0o07n
SNOA/N
conon
<oinn
<o11n
<oi2n
S013n
c0lun
<016n
S0160
Y1k v Al
<018’n
<oion
sp2nn
cg21n
cp22n
€p23n
<n24n
C025n
co26an
co2n
cO28n
<p29n
<030n
c031n
co3an
O33N
<o3un
k1)
Q0%aAN
COX7N
sa3Aan
<pzan
counn
<Huin
<puon
<ouzn
couun
cousn
Souan
cou7n
<Nuan
Souon
casan
SOR1N
<0520
cO83n
coRun
S055n
COSAN
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CALL PLOT1(1,%92FRO¢XMAX,7ERO YMAX o X{ S} oYY (J) s NPT,1oSYMPOL} cOSTn
nNO 50 IJ= II, NPLOT SOKAN
Jdz IJd ’ S0%9Nn
IF(YY(LIJ)= Y(TJ) I50,u0,un S06NN
&0 CONTINUF c061N
IF (NCIIRVE=1) Q0,859 s062n0
up = JJ S0A3N
GO TO 70 c06un
Q0 Al ONGY(1)=0.n c06%N
no 100 I=1+6 C066N
CALL LABELX (A ONGX(T), 1) <0670
CALL LARELY (A ONGY(T),1) SO06RN
100 ALONGY(I+1)=Al ONGY(I) + ,2%YMAX S069N
CALL PRINT(20N¢975912,0, 3R XTTTLF) <0700
CALL PRINT(UT7,200+0012038,YTITLF) c<oTLN
CALL PRINT(12%,1000,12,0,72+TTTLE) <0720
CALL DMPHUF S073n
RFTURN S0Tun

FND SOTHN






Fortran

ABLC

ABLK

BB
BL
BLTEM

BTEST

CHARC
CHARK
Cp

CPB |

CPC

CPX

PRECEDING PAGE BLANK NOT FILMED.
8

APPENDIX C

. PROGRAM TERMINOLOGY

Description

"A" coefficient in matrix, single subscript

"A" coefficient in matrix, double subscript

specific heat of materisl at TABL

thermal conductivity of material at TABL

"B" coefficient in matrix, single subscript

"B" coefficient in matrix, double subscript

Total thickness of backup structure

value of 1460 isotherm depth fram previous time step

test to determine mode of heat transfer out of back surface
of backup materials

"C" coefficient in matrix, single subscript

"C" coefficient in metrix, double subscript

specific heat of material at TCHAR

thermal conductivity of material at.TCHAR
specific heat of a node in ablation material
specific heat of backup material node

specific heat velues in char specific héat table
specific heat values in virgin specific heat table

specific heat values in backup material specific heat
tables . . o
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Fortran Description
D "D" coefficient in matrix, single subscript
DB "D" coefficient in matrix, double subscript
DELTT time step in the time step table
DMP. test used for dwmping (DMP = O skip dump, DMP = 1.0
start dumping)
DRHP local mass flow rate of ablation gas
DT time step from the time step table in hours
DTS time step from time step table in seconds
DX thickness of a node in the ablation material
DXB thickness of a node in a backup structure material
DXV variable ablation node thickness <= ﬁ%gg—i>
DXX fixed ablation material node thickness <= ﬁ;LE 1)
EMBB emissivity of back surface of each material in backup
EMC char materisl emissivity
~ EMFB emissivity of front surface of each material in backup
EMv virgin material emissivity
EMX emissivity'of front surface of ablation material
END code word for plot routine
ERR1
ERR2

Control numbers for printing error statements when an input

or ti i d
ERR3 calculational mistake is made

ERRL



Fortran

GAPX

H300

HEADNG

HENV

IM

IPRC

IPRCT

87

Description
blowing efficiency in reducing convective heating

factor to correct convective heating rate for various body
locations

emissivity — view factor product to cebin interior

factor to correct radiative heating rate for various body
locations

test to determine mode of heat transfer into front surface
of backup materials

view factor for externmal enviromment
defined by Fortran statement

gap width between backup materials

film coefficient between backup materials

enthalpy of air at 300° K

any T2 alphanumeq;c characters used to identify problems
being run — printed at top of first page of output

any T2 alphanumeric characters used to identify each input
section

f£ilm coefficient to éébin environment

total enthalpy

heat of degradation of virgin material

wall enthalpy computed from enthalpy - temperature table
enthalpy values in enthalpy table

test used to determine if front surface is virgin or char
for using proper emissivity

variable print frequency in time-step table

present print control number
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Fortran

IR
TR1
IR2
NCASE
NCPB
NCcPC
NCPv

NKC

NKPB

NREC

Description

test to determine if node femperature is greater than TABL
test used in determining node density at TX1 temperature
test used in determining node density at TX2 temperature
number of problems to be run

number of points in each beckup material specific heat table
number of points in char specific heat temperature table
number of points in virgin specific heat temperature table

number of points in char thermal conductivity — temperature
table

number of points in each backup material théermal conduc-
tivity table

number of points in virgin thermal conductivity temperature
table

number of materials in backup structure

number of node points in ablation material

total number of node points in backup structure

total mmber of points in heat shield structure (NP + NPBS)
output plot control number

number of nodes per material in bagkup

number of points in enthalpy -~ temperature table

numh?r of points in time-step table

number of points in surface recession — temperature or time
table

number of points in trajectory input table



Fortran

QIN
QL@SS
Q@XID

QRADX
QUIT

RB1
RB2

RH@

RH@C

Description

dummy indexes for subroutine Save

89

amount of convective heat blocked due to mass injection into

boundary layer
trajectory table convective heating rates
cold wall convective heat rate at present time step
hot wall convective heat rate without blowing
nét heat flux into fronf surface
boundary condition for heat transfer to cabin interior
heating rate due to combustion
trejectory table radiative heating rates
radiative heat flux at present time step

code word for plot routine

thermal resistance due to conductivity between nodes in the

ablation material

thermal resistance due to conductivity between past and

present node in backup material

thermal resistance due to conductivity between present and

forward node in backup material
dens ity of an ablation material node
density of individual materials in backup

mature char material density
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Fortran Description
RH@V virgin ablation material density

RHfY1 density of node at past time step

RHfY2 density of node at present time step
S thermal capacity of a node in the ablation material
SD@T surface recession rate

SAVEIT depth of 1060 isotherm at any given time

SAVEXX time corresponding to maximum depth of 1460 isotherm

SAVX time corresponding to maximum depth of 1060 isotherm
SAVY1 surface recession depth at maximum 1060 isotherm depth
SAVY2 bondline temperature at maximum 1060 isotherm depth

SAVY? term that will contain maximm depth of 1060 isotherm
SAVYYL depth of 1460 isotherm at maximum 1060 isotherm depth

SAVY1X surface recession depth at maximum 1460 isotherm depth
SAVY2X  Dbondline temperature at maximum 1460 isotherm depth
SAVY3X depth of 1060 isotherm at maximum 1460 isotherm depth

"SAVYLX  term that will contain maximum depth of 1460 isotherm

SR surface recession values in surface recession table

T present time

TABL temperature at which ablation starts

TCHAR temperature at which ablation stops

TCP temperature values in backup material specific heat tables
TCPC temperature values in char specific heat table

TCPV temperature values in virgin specific heat table



Fortran
TEMDT
TEMPI
TENV

TEST2

TDMP

TINT

TITLE

TKC

TLIM

TREC

Ts

TTABLE

91

Description
arbitrary initial temperature distribution values

constant initial temperature distribution value
interior cabin temperature

test to determine proper heat shield initial temperature
distribution

time to start dumping or printing information used in check=-
out of program (sets DMP = 1.0)

trajectory table time wvalues
starting time of problem

control card used for reading in new data for successive
problems

temperature values in char thermsl conductivity table
temperature values in virgin thermal conductivity table
total thickness of heat shield structure (VL + BL)

time limit of problem

surface temperature or time at which char removal is to
start

temperature or time values in surface recession table
time values in time-step table

equals TUL if VPT = O or equals TX2 if VPT =1 ~ used in
computing char properties

maximum value of TX1 and TX2

maximm TX1 vaelues — used in computing gas ablation rate
maximm TX2 values — used in computing gas ablation rate
sink temperature of external environment

temperature values in enthalpy table
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Fortran

TX1
TX2

TX2C
TX2T
TXK

TX¢

VELX

VLI
VLTEM
VLV

VPT

XIDNT

Description

temperature of nodes at past time step
temperature of nodes at present time step

temperature at fixed locations in ablation material as de-
fined by XC

temporary storage of TX2 temperatures for computing thermal
properties

temperature values in backup material thermal conductivity
tables

initial temperature at front surface of heat shield for com-
puting linear temperature gradient

temperature distribution at forward time step
trajectofy table velocity values

trajectory velocity at present time step

initial virgin material thickness

initial ablation material thickness

value of 1060 isotherm dépth from previous time step
variable ablation material thickness

test to determine if properties are irreversible with
temperature

depth of 1460 isotherm at any time

thickneéé of individual materisls in backuﬁ

fixed location of nodes in tﬁe ablation material

node number

any T2 alphanumeric characters»to identify each materia;

thermal conductivity values in backup material thermsl
conductivity table



Fortran

XKC

XL@ST
XLSTT

XLSTV

YPL@T1
YPL¢T2
YPLPT3
YPL@TU

277

93

Description
thermal conductivity of backup material node

thermal conductivity in char thermal conductivity table

thermal conductivity value in virgin thermal conductivity
table

amount of solid ablation material lost in a time step due
to surface movement

distance from original surface to present front surface lo-
cation, inches

distance from original surface to present front surface lo-
cation, feet

mess loss rate of char

mass gas ablation rate due to pyrolysis of virgin material
mass flux rate of oxygen to surface

total ablation rate

number of nodes in ablation msterial

number of nodes per backup materiasl

" time to be written on tape and plotted

location of nodes in variable ablation material thickness
thermal conductivity of a node in ablation material
recession depth to be written on tape and plotted
bondline temperature to be written on tape and plotted
1060 isotherm depth to be written on t;pe and plotted
1460 isotherm depth to be written on tape and plotted

ratio to determine when the limiting value of heat blockage
has been reached
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APPENDIX D

GENERAL FLOW CHART

Start

Rewind 11

Read NCASE

Initalize
program constants
Read and write Transfer to subroutine
input data and ] T

setup initial conditions et determines initial
temperature distribution

Calculate surface
heating conditions

Transfer to subroutine
RECESS

calculates surface recession
depth and char ablation rate

Transfer to subroutine Transfer to subroutine
CYEFF -— PREP
calculstes tri~diagonal —_— calculetes thermal
matrix coefficients properties

Transfer to subroutine
SWURT

solves tri-diagonal metrix
for temperature distribution

‘ Continue I




Continue

Transfer to subroutine
DNz

calculates fixed
location temperatures

Transfer to subroutine
ABLATE

calculates gas
ablation rate

Transfer to subroutine
SAVE

determines maximum and
minimum values for
plot program

If time is less than
TLIM, loop back to
surface heating
calculations

Reinitialize program to
initial input conditions

Go to initidlization
of program constants
to start next problem

Setup temperature Transfer to subroutine
distribution for printing | «— ISPTHERM
Perform isotherm —— | calculates 1060° R and
depth calculations 1460° R isotherm depths
Write output e Setup data for
tape NPL¢T =1 plot program
— Check for
time limit
of problem
Check * : End File 11
NCASE LPL@T = NCASE Rewind 11
e




TABLE I.- SAMPLE PROBLEM INPUT

(a) Coding sheet

T!P:cm. CWARRING ABLATAR - TESY CASE - 4-/6/65

Ry A 14...14.4 4

LM a wdathi Ak el il .. ..--.-.....L.I‘._.i.l._

.__.'Dhﬁm_hu_&‘.”_&&‘ﬁ

thgg“ L0 400 +0.0 400 2 1 e
%00 .. *00 #0. | +00 (00 ‘ b dak e i N
mg. Q *00 +0. . *Q0 100 . - .
t\' +Lﬂ-on 400 ¥00 e .f S B
_‘ff_"‘:‘if ehh GMARRENG. ABLATEON MATERTAL PRNPERTYIES T e
[} = AOD 4\460.0 %00 . 40,0 .. 490 AI4.O . 00, A E0L0 .. 00, %00 . *00 . . .|
Q... bs 400 +0.15 400 +129,06400 4185 A00 ¥280.0.. 400, 40.0 , . &0 . . |
.0 1“ *:.o o -\-ooz -\o.éz 400 +0.43 400 +Q.o1p ,3.99__&#4,5 .*00
3\ .' ; ~oo . A ; o —
H1460.0 400 +0.12 400 4.0 404 H40.12 400 e . e
Al4e0,0 400 +0.4) 400 #1.0 404 40.43 400 ‘
| 4300./0, . ¥00 +0.06S +00 4460.0 400 ¥0.065 . 400 456019, maoki\:&_sbsshﬁh____h__
#6600 . ¥0D +0.066 400 ¥T760.0 400 40.0672 400 4BL0.9 ¥900. 40.0468% *r_&.___u
4960 .9 ¥00 40.069 400 4\060.0 400 40.070 +00 4\\ 59 ' oo m (1] ;
*360.0 . 40O +0.43 400 411000 400 4+0.43 +00 e
"4-9.9 %00 9.0 =04 40060.-0 %00 49.90 -04 b .
_-__n\ Tnnec'\'nvx - Q=95 RTL/sec- SQFY e ‘".:‘:fff'i;tif‘:i:f:i:f?'.:‘_‘;:; T
+o 5 400 X95.0  *0e %0.0 X00 +2.925 404 ... T T

\0
3



;.—«L x.m.l*f-

“\:5&1- foo +Ss Q400

L._ﬁu\;_;- .3 0.\ 4Q0
-!:L@_: i, 400 .

.L.A.L,QL._L' AT ERIAL
%300, Q. AOD 40. 0§ 400
b0 .0 . ¥00 4+9.066 400
,ts.m;;ni 400 40.009. 400
Ai&q 400, $9.43 400,
Aﬂ&m,,“ Ao0. 49 \ - 490
,l-\-o.ue 408 40, £00

UERT TRANSFER T CABIN
+S(w 0 400 *0.0 +00

;&:T:;AL. TEMPERATVRE T3

._;kgug 400 *§30.0 400
42

+0.0 +oo -\e o 400

""f"cl‘l 2 400 X240od.0 X000

(4300 3.0 400 44000 :0 ¥00

a\-\*oo.e 400 44123.0 400

-k\'tQO 0 400 *'5299 0 %00

disie

- ....._.Y.'.A.}TLA
£0.0 400 +2.925 404 e o
AT THRMES Twmek | T
£460.0 . 406 40.06F 400 +5G0.0 400 +0.0655 408 . .
+T0.0. . 400 +Q.0612 400 £%60.0 . %00 A m&m_iup#
41060.0_ %00 40.07 +00 -\-\wo.ol 30,04 £0.07. .. A00" . |
-t\sso-o -&M 4043 . 400 et b
*o \, *xoo' Q s._ e “'Qp ' SR NS VS S G4 i I O i 11—}
+° ° . +°°l +° +°° [ ¢ SR S [ SR S S TN _.J......._s__z.._._.g.ﬂ_'
ENVIRANNENT -~ WENVEQ.0 L o =
0.0 %00 %0.0 0o S ‘
CRNSTAWT T
4+530.0 400 e
4342.9 400 +1400.0 400 +449.1 +oobmssb ."b“:Eoio“f‘TIj
4194 8 00 ¥3000.0 400 491%.Q 400 43600.0 400
+1200:.0 400 4422¢4.0 400 41300.0 4900 44¢f6e. O 400 )
£1500.0 400 +4936. 0 400 +1G00-.0 400 £§121.0 408
+1800.0 400 454S5%.0 400 +1900. 0 400 4#5596.0 00



42000.Q 400

i 423000 4do -

426L00.9 %00
%29Q0:+9 400
£37200.0 400
4£3500: Q0 400

f+3$oo O 4o

i

C 44y Q0 +0 400

’f‘i\\GQ Q oo

¢00
400
400
400
400
400
¥oo
400
400

4+2.L00.0
+*2400 .9
421000
+3000.0
43300.9
43600 .0
£39090:0
¥4200.9
44500.0

400
400
£00
400
400
400
400
£00

400,

+5851 .0 Y00 +2200.0 400 45968.0 406

4+6126.95 40D
+6491. 0 400
¥e05.90 400
*T(1§5,0 %00
476300 400
+s\10 [\
+¥\00.Q
n 1) 5 .0

£2500.0 £00 4G29\.0 400 _
4+2800:. 0 400 *65971 .9 %00

£43,00.0 400 46O\ 8.0 400 _
X34 00. O 400 47123500 <400
+3100. 0 400 4+7800.0 400 _

Ry .

+00 +4000.0 400 +§300.0 400~ J_
400 £4300.0 400 48860.0 4090 .
00 -\'4-600 0 400 4921¢.0 -5-00 .

- . L

~ L.
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(b) Fortran data card listing
1
TYPICAT CHARRING ARLATOR = TFST CARE = 4/6/6% DONALD M, CURPY
+rn 001t +uN + U0 +110 ? 1
+lia ) +uf +0 .1 + 110 100
+of'Usu +uN +1,1 +u0 190
+1aU +Un +1,0 +4uyn
TYFTCAL CHs RRING ARL ATION MATFRTAL PROPFRTIFS
+1060,0 +yN +ibe0, N +uft +y, 0 +00 +34,0 +00 #+2n,0 +00 +0,00 +00n
+U.05 +U FL,TH - HUN +129,0 +00 +1,5n +00 +280,0 +00 +0,0 +00n
+1.0 +uN i, +uh +u,12 +00 +u,47% +00 40,070 400 +0,4% +00
*1 ? b o 2 ?
+1ef, N +uyd +u,12 +u0 +1,0 +pb +0 .12 +0N
+160,0 +yN +4,43 +uN +1,0 +0U 40,43 +0n
+AAT U +UN FL,U0Fn  HUD 43R0 +UN FULUARS  +00 +5A0,0 +0N 40,0655 +0n
+oflUe)  +UN +u,0Rp  HUN +/A0,0  +0D 0,072 +0N +RA0D,0 +00 40,0684 +00
+YEUer  +UN +0, U069 40N +1060,0 +00 40,070 +00 +1160,0 +0N 40,070 +00.
+3A0 i +U0 41,43 4+ +1L100,0 +00 +U 43 +0Nn
+Uo ) +00 +2,0 =04 +nN0.,10 +UuN +9.,0 -0U
NO THAUFCTURY = QZ9UR RIV/SEC=SQFT
2
+lia ) +10 +4K,0 +UN +11.0 +00 42,925 404
+esN0 o i +uN +%8,.0 +U0 40,0 +00 "'2.9?5 +0u4
i 3 +i141 +un
+95. U +l|n
Y 2
BACKUP MATEPRIAL 0.1 INCHES THTCK
+3F 0t +0T 40U ,UBN  +uN +4A0.00 400 $+0., 0D +00 +5A0, 0 +00 +0,0655 +0n
+e:FUett UM 4300+ +760.0  +00 F0,0R72 +0D +8A0,D  F00 40,0680 +0N
+3f0etl  +UN #0069 400 +1Np0,N +00 +0,07 +00 +1160,0 40N +0,07 400
+360400 +0D 41,43 +uf +1100.0 +00 40,43 +an
+au N +uN +iiel +00 +1),9 +0N 40,9 +00
+e U +uN U +u0 +0,0 +00 +0,0 +0n
HFAT TRANSFFt TO CAPIN FNVIRONMMENT = HENY=Q0,0
+950ei)  +uN +0u,0 +uft +0,0 +00 0,0 +00
IMIT AL [FMPERATUPE 1S CONSTAMT
+1,0 +0N +530,0  +u0 +930.,0 +u0
u2
+1,0 +0n +u,0 +U0 +3U2,9 400 +10800,0 +0N +440,7  +0N +1R00O0,N +00
+01Tez 400 +2000,N 400 +791,0 400 +3000,D 400N +978,0 +00 +3600,0 +00
+1113,0 44N +unU0 N +00 +1200.0 +00 +42268,0 +00 +1200,0 +00 +44886,0 +00
L1000,0 +00 4723,.0 +uf) +1500,0 +00 +403A,0 +00 +1RA0NN +0N +5127,0 +00
+1700,0 400 +5099,.10 400 +1800.0 +00N +5U54 .0 +00 +1900,0 +00 +5598,0 +00
+2000,.0 +u0 +RT28,0 400 421000 +00 +5851.0 +00 +2200,N +0N +H596R, 0 +00
+23200,0 40N 47BN +yN +2800,0 400 +6186,0 +00 +2500.,0 +00 +6291,0 +00
$2600,0 +yN +eRO5, N +yN +2700.0 +00 +6497,0 +00 +2R00,0 +00 +6597,0 +00
+2000,0 +0N +:A99, N +uN +3000.0 400 +6ROK,N +00 +3100.0 +0N +691R, N +0N

TABLE I.- SAMPIE PROBLEM INPUT
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+00

+00
+0n
+00
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TABLE II.- SAMPIE PROBLEM OUTPUT

TYPICAL CHARRING ABLATOR - TEST CASE - 4/6/65 = _DONALD M, CURRY

INPUT DATA.

TIME LIMIT=6.0000E 02 INITIAL TIME=0. TUNPTTE 2

TIME TIME STEP PRINT CONTROL
0. 1.0000E~01 100
6.0000C 02 1.0000E-01 100

FCONV=_1.00000E 00 FRAD= 1.00000E 00

TYPICAL CHARRING ABLATION MATERIAL PROPERTIES

TABL= 1.06000E O3  TCHAR= 1.46000F 03  TREC= O. RHOV= 3.40000f 01
FBLOW= 0. EMV= 6.50000E-01 EMC= 7.50000E-01  H300= 1.29060E 02
HV= 2.50000E 02 VPT= 0. FV= 1.00000E 00 Tv= 0.

CHARC= 4.30000E-01 ABLK= 7,00000E-02 ABLC= 4.30000E-01

NP= 31 _ _ NKC= 2 NCPC= 2 NKV= 9 NCPY= 2 NREC= 2 .
o VIRGIN MATERIAL _
THERMAL SPECIFIC
TEMPERATURE CONDUCTIVITY. TEMPERATURE HEAT

3,6000NE 02

6.5C000E~-02

3.60000E 02

4.30000E-01

6+50000E~02
6.55000E~02
6.60000E~02
6.72000E-02
6,84000E-0G2

4.60000F 02
5.60000E 02
6.60000E 02
7.60000F 02
8.60000E 02
$.60000E 02 6.95007E-02
1.06000E 03 71.00000E-02

1.16260E 03 7.00000F-02

1.10000E 03 ___ 4.30000E-01

CHAR MATERIAL

THERMAL _ SPECIFIC
TEMPERATURE ____ CONDUCTIVITY TEMPERATURE HEAT
. 1.46000F 03 1.2C009E-01 1.46000E 03 4.30000E-01
1.00000E 04 1.20000E-01 1.00000E 04 4.30000E-01

SURFACE RECESSION TABLE

TIME SR - IN/SEC
0. - . . 9.00000E-04
6.00000E 02 9.0C000E~-04

'NO TRAJECTORY - 0=95 BTU/SEC-SQFT

NO. OF TRAJECTNRY PNINTS = 2

"RHDC= 2.00000E 01
VL= 1.50000E 00
CHARK= 1.20000E-0}
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TIME Q_CONVECTIVE Q RADIATIVE VELOCITY
0. 9.50000E 01 0. 2.92500E 04
6.00000F 02 _ _9.50000E 01 ___ O.. . 2092500E 04

PRNPERTIES OF BACKUP STRUCTURE

NO. OF MATERIALS IN BACK-UP SHIELD= 1
TOTAL NUMBER OF NODES IN BACK-UP SHIELD= 3
THICKNESS OF BACK-UP SHIELD= 1.,00000E-01

BACKUP MATERIAL 0.1 INCHES THICK
el _ . _IHERMAL R SPECIFIC e
TEMPERATURE CONDUCTIVITY TEMPERATURE HEAT
3.60000€ 02 6.50000E~02 3.60000E 02 4,30000€-01
4460000 02 6.5C000E-02 1.10000€ 03 4,30000E-01
5.60000E 02 6.55000E-02 N
6.60007E 02 646G000E~-02
7.60000E 02 _ _ 6.72000E-02 e L e
8.63000F 02 6.84000E-02
9.60000E 02 6.90000E=02
1.06000t 03 7.90000E-02
1.16000C 03 7.C0000E-02
L ] N EMISSIVITY
MATERIAL DENSITY THICKNESS FRONT BACK NODES/MATERTAL
1 3.4000€ Ol 1.0000E-01 9.0000E-01 9.0000E-01 3.0000E 00

ADDITIUNAL DATA FOR INDIVIDUAL MATERIALS IN BACKUP STRUCTURE

MATERIAL ~ FILM CODEFFICIENT GAP THICKNESS FTEST
1 O. 0. , 0.

HEAT TWANSFER TO CABIN ENVIRONMENT - HENV=0.0

BTEST

. Del

TEMPERATURE= 5.60UU0F 02 FILM COEFFICIENT= O. TTTTVIEW FACTOR= 0.

INITIAL TEMPERATURE IS CONSTANT

TEMPERATURE DISTRIBUTIAN IN HEAT SHIGLD IS UNIFORM AND EQUAL TO 5,3000E 02

T @ LosT= 0.
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QUTPUT DATA.

TIME= 9.90000E 00  QCONVECTIVE= 9,50000E 01 QRADIATIVE= 0. _ g;ucxrv{_g!_ggooe 04.

GAS ABLATION RATE= 0. CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATE= 5-40000E 00
RECESSION DEPTH= 9,00000E-03 QHNT WALL= 8.89893F 01

_TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT THE END OF THE TIME STEP, T= 1,QOOOOE 01 SECONDS

TEMPERATURE DISTRIBUTION IN THE ABLATING MATERIAL

 4.25564E 03 2.70129E 03 1.19740E_03 6.43320E 02 5.43814E 02 5,31490E 02
5.30126E 02 5.30007E 02 5.30000E 02 5.29999E 02 5.30000E 02 5.30000E 02
5.30000E 02 5.30000€ 02__ _ 5.29999€ 02 5.30000f 02 5.30000F 02 5.30000€ 02
5.30000F 02 5.30000E 02 5.30000E 02 5.30000E 02 5.30000€ 02 . 5.30000E 02
5.30000E 02 __ _5.30700E 02 5.30000E_02_ _ 5.29999E Q2 5.30000E 02 5.300006 02

5.29999E 02

TEMPERATURE DISTRIBUTION IN THE BACK-UP STRUCTURE

5.29999E 02 5.30000E 02 5.30000E 02
TIME= 1.990Q0F 0l _ QCUNVECTIVE=_9.50000f 01 QRADIATIVE= 0. VELOCITY= 2.92500E 04 _
GAS ABLATION RATE= 0. CHAR ABLATION RATE= 5.40000E 00 TODTAL ABLATION RATE= 5.40000E 00

RECESSION DEPTH=,11.80000E-02 QHNT WALL= 8.89148E Ol

TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT _THE END OF THE TIME STEP, T= 2.00000E 01 SECONDS

N - FS U JUUREUR 4
TEMPERATURE DISTRIBUTION IN THE ARLATING MATERIAL

4.26944E 03  __ 3,15%689E 03 _  1.77750E 03 1.02157€ 03 6.89430€ 02 5.66334E 02
5.37192F 02 5.31229E 02 5.,30183E 02 5.30023E 02 5.30002C 02 5.30000E 02
5.29999E 02 _.. 5.29999E 02 . 5929999E _02 . 5e29999E 02 | 5.29999E 02 | 5.29999€ 02
5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02
5.2999%9F 02 5.29999E 02 5.29999E 02 _5.29999E 02 . 5.29999E 02 5:29999E 02

5.29999E 02

TEMPERATURE DISTRIBUTION IN THE BACK-UP STRUCTURE

T 75.,29999E 02 5.29999E 02 5.29999E 02

GAS ARLATION RATE= 4.04922E 00 CHAR ABLATINN RATE= 5.40000E 00 TOTAL ABLATION RATE= 9.44922E 00
RECESSION DEPTH= 2.70000E-02_ QHOT WALL= 8.87279E 01 _

_TIME= 2.99000E 91 QCONVECTIVE= 9.50000E Ol QRADIATIVE= 0. . __NELOCITY= 2.925OOE 04
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105



106

Original material surface
v odneT >1< l
13%% gg 8 2 1 1,d=1
% ) . QAX = ’ T =
{?Ch ly?%ﬁ) IS A

i =NP, J=1
Backup structure
////// i =NP + NPBS
§ Interior environmen t } J=XBM

Figure 2.~ Schematic diagram of charring ablstor thermal protection system.
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Figure 9, - Plot program bondline temperature curve from typical charring ablator test case.
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Figure 10, - Plot program isotherm curves from typical charring ablator test case,



